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ABSTRACT The current of P3HT:PCBM-based organic solar cells was analytically investigated in this work.
Position-and wavelength-dependent excitons generated by light were evaluated using the optical transfer
matrix method. The charge carriers generated by dissociating excitons were estimated using an improved
dissociation probability, incorporating a Gaussian distribution. A universal analytical equation was derived
by solving the transport equation to calculate the current-producing holes and electrons. Similarly, another
universal equation was derived to calculate the hole and electron currents. The total current, calculated using a
constant recombination coefficient, is found to be different at different positions (position dependent), which
is inconsistent because the total current should be position independent. The use of a constant recombination
coefficient is the reason for this inconsistent result. The spatial recombination coefficients inside the active
layer were extracted and used in the calculation, and the total current was found to be position independent;
thus, the inconsistency was resolved. The current and its components have been investigated with respect to
position, terminal voltage, solar irradiance, active layer thickness and wavelength. This work provides better
results because it includes spatial recombination coefficients, space-and wavelength-dependent excitons, and
improved dissociation probability in analytical calculations; therefore, it will help improve the prediction and
design of organic solar cells.

INDEX TERMS P3HT: PCBM-based organic solar cell, investigation of current with spatial recombi-
nation coefficients, excitons by optical transfer matrix method, dissociation probability with Gaussian

distribution.

I. INTRODUCTION

Organic solar cells (OSCs) have good prospects for harvest-
ing solar energy. Many people [1]-[5] are working on OSCs,
assuming it to be an alternative to Si solar cells. The OSC
research is attracting the attention of researchers because
the chemical structure of organic materials can be modified,
large solar panels can be easily made, organic materials are
cheaper, and organic materials are lightweight. Basically,
OSC is a layered device; one layer works to absorb incident
light (photons), which is known as the active layer; the other
layers work as a contact layer, guiding layer, or supporting
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layer. The active layer is made of two materials: one (P3HT)
donates electrons and the other (PCBM) accepts electrons.
The incident light generates excitons (tightly bound
electron-hole pairs) inside the active layer of the OSC. After-
wards, the excitons are dissociated, resulting in free electrons
and holes; the free electrons move from donor (P3HT) to
acceptor (PCBM), and then they are guided by other layers
toward the cathode terminal. Free holes move from PCBM
to P3HT and are guided by other layers toward the anode
terminal. While the excitons interact with any defect states or
with the interface of P3HT and PCBM, the excitons dissoci-
ate; however, the interface plays the main role of dissociation
because the interface possesses an electric field. If P3HT
and PCBM are distinctly separate layers, then there will be
a single interface, the excitons generated near this single
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interface will be dissociated, and the excitons that are far
away from that single interface vanish (electrons fall into
holes of the same exciton) before reaching the interface;
therefore, the efficiency is not good. Instead, if P3HT and
PCBM are mixed to make an active layer, there will be many
interfaces inside the entire active layer, which is known as
bulk heterojunction OSC; wherever the excitons are gener-
ated, almost every exciton will get a neighboring interface.
As a result, the dissociation of excitons increases, and the
efficiency increases. Hence, many researchers [6]—[8] are
working with bulk heterojunction OSCs.

For a solar cell, the current is the most important because
it is an indicator of other performances; therefore, the inves-
tigation of current demands special attention. In this work,
current investigations were carried out on bulk heterojunction
OSCs. In this area, some are working with materials, and
some are working with device design for the improvement
of OSC because the performance (efficiency) is still not up to
the mark. To obtain OSCs with better performance, a theoret-
ical investigation might be carried out to determine suitable
materials and/or suitable device structures for the fabrication
of OSCs; that is, the theoretical work plays a significant role.
Some research groups [9]-[12] have carried out theoretical
works with numerical calculations, while others [13]-[16]
have used the analytical approach. In this work, an analytical
investigation of the OSC current was carried out in detail,
considering the effects of different factors. The accuracy
of analytical computation depends on the following factors:
selection of a suitable function to calculate generated exci-
tons, use of appropriate dissociation probability of excitons to
estimate charge carriers, and consideration of recombination.

Some researchers [15] used the constant charge carrier
generation rate, which is the simplest approximation, which
makes calculations easier. However, naturally, the light inten-
sity (hence excitons, charge carriers) would be different at
different positions inside the device. Some researchers con-
sidered position dependence by assuming that the light inten-
sity exponentially decreases with position away from the
point of incidence. For a single thick (wider) layer, an expo-
nentially decreasing concept may work. But for thin layered
device like OSC, while the light passes through a thin layer,
it reaches to other side without decreasing much and then it
is reflected at the interface, after that the reflected light will
interfere with the incident light, we know, light has a wave-
like nature, somewhere they will meet in-phase and hence
produce high intensity; somewhere they will meet out-of-
phase and hence produce low intensity; therefore, the light
intensity will have ups and downs at places; as a result,
the excitons and charge carriers will have pulsating pattern
with positions. This indicates that the exponentially decreas-
ing concept does not consider optical activities (reflection
and interference), and hence is not suitable for thin-layered
devices. Again, the generation of charge carriers depends
on the material that selects the photons (wavelengths) to
be absorbed. The optical transfer matrix method (OTMM)
includes optical activities and material properties, and hence
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calculates position-and wavelength-dependent excitons for
thin-layered devices [5], [12], [17], [18]. In this study, the ana-
lytical expression derived from the OTMM was used to esti-
mate the exciton generation rate.

Some works [15], [19]-[21] neglected recombination in
their calculations; this makes their calculations easier; how-
ever, those works fail to analyze devices with recombination.
Some other works [22], [23] included recombination in their
calculations, but their generation rate was either constant
or exponentially decreasing. In this work, recombination
was considered in addition to the space-and wavelength-
dependent exciton generation rate obtained by OTMM.

For the dissociation probability of excitons, some [9], [12],
[24], [25] used the Braun model; others [22], [26] used
Wojcik’s formula; both models calculate the dissociation
probability using the same (constant) separation distance for
all excitons. However, naturally, separation distances would
be different for different excitons; to include this fact, Gaus-
sian distribution has been incorporated in computing dissoci-
ation probability in this work.

While current is calculated using space-and wavelength-
dependent generation rate and constant recombination rate
(same recombination at all positions inside the active layer),
the total current is found to be different at different positions
(that is, position dependent), which is inconsistent because
the total current of a device should be the same at all posi-
tions (that is, position independent). No work has yet been
presented to resolve the problem of the position dependency
of the total current. Some work [27] presented the current at a
certain position and compared it with the experimental value.
Some others [26], [28], [29] used the average value of the
current to match the experimental results. On the other hand,
the literature [30] shows that while the current was calculated
using the space-and wavelength-dependent generation rate
but neglecting recombination, the current became indepen-
dent of position. Therefore, it may be assumed that using an
incorrect recombination rate is the root cause of the position
dependency of the total current. That is, a constant recombi-
nation rate was not appropriate. Because of the interaction
between forward and reflected light, the intensity of light
and hence charge carriers (electrons and holes) are different
at different positions; again, recombination depends on the
population of electrons and holes; therefore, recombination
would be different at different positions.

The recombination rate (s”'m™>) is the product of the
recombination coefficient (s~!) and the volume density of
electrons and holes (m™?). Usually, the current is calculated
using the average volume density of the electrons and holes.
The average volume density represents the constant density
throughout the volume; hence, the recombination coefficient
needs to be different at different positions inside the active
layer to achieve different recombination rates at different
positions. That is, we need to use the positional (spatial)
values of the recombination coefficient in the calculation of
the OSC current. To date, no work has been reported on
calculating the OSC current using the spatial values of the
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recombination coefficient. In this study, the spatial recom-
bination coefficient was extracted and used to calculate the
OSC current.

This study aims to (i) extract the spatial recombination
coefficient inside the active layer of OSC; (ii) evaluate
the OSC current using the spatial recombination coefficient
to resolve the inconsistency regarding the space invariance
property of the total current; (iii) derive and use a universal
analytical equation for evaluating both holes and electrons;
(iv) use improved analytical calculations that include spatial
recombination coefficient, space-and wavelength-dependent
excitons, improved dissociation probability incorporating
Gaussian distribution, and (v) analyze OSC current and its
components with position, terminal voltage, solar irradiance,
active layer thickness, and wavelength by improved analytical
calculations.

Il. EXCITON GENERATION RATE

Excitons are generated by light absorbed in the active
layer of an organic solar cell (OSC). The optical trans-
fer matrix method (OTMM) provides the correct pro-
file of generated excitons for thin-layer devices such as
OSC [5], [12], [17], [18]. Now, let us look at a short descrip-
tion of OTMM and the analytical equation derived from
OTMM for calculating the generated excitons. The details of
OTMM have been described in a previous report [31].

When light crosses the interface of two layers, light is
reflected and refracted, and the velocity changes, which can
be accounted for by the refractive index (1) of the layer
materials. Again, while crossing a layer, light is absorbed
and light intensity is reduced, which can be accounted for by
the extinction coefficient (k) of the materials. The complex
refractive index (7)), which is defined as » = n + ik, includes
both 7 and « and hence covers the optical phenomena (reflec-
tion, refraction, absorption). OTMM first calculates interface
matrices and layer matrices using 7; then forms a transfer
matrix (scattering matrix) using these interface and layer
matrices, then calculates different optical properties using
this transfer matrix, and finally calculates the exciton gen-
eration rate.

In general, the interface matrix (I;), corresponding to
the interface of two adjacent layers a and b, is defined as
follows [12]:

ﬁa + ﬁb flu - ﬁb
27 27
Ly=| .%Ma. N 1
ab fla—1p  fla + b M
20q 21q

where 74, 7)), are complex refractive indices.
The layer matrix (L.) corresponding to layer c is defined
as [12]:

_ QXP(—iécdc) 0
LC‘[ 0 exp(iscda] @

where & = 2717, / A; d. = thickness (width) of layer c.
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FIGURE 1. A device of m-layers of different materials with light incident
at one side and substrate at another side.

Let us consider an m-layer device (1, 2, 3, ....... m) as
shown in Fig. 1. Light is incident from the air on one side, and
a substrate is placed on the other side as a mechanical support
for the thin layers. Air is considered to be the 0™ layer, and
the substrate to be the (m + 1)’h layer.

Calculating all interface and layer matrices, a (2 x 2)
transfer matrix () for the entire structure is defined as

S=InLiliply............ LiuLnn+1) 3)

Because excitons are generated inside the active layer
(j’h layer), to obtain the exciton profile, we must consider
the active layer matrix (L;), separately. Therefore, the entire
transfer matrix (S) may be expressed as S = S'L;S”. Here,
S’ and S” are two (2 x 2) sub-matrices formed with the
interface and layer matrices before and after the active layer,
respectively, as follows:

S =InLili2ls ... ... Li—»IG-1y; @)
§" = i+ LG+1) - LinDngm+1) )

Each matrix S, S/, S” may be used to relate optical electric
fields at its two sides, after algebraic manipulation of these
relations, at any position (x) inside active layer, the optical
electric field Ej (x) may be determined; the square of the
magnitude of E; (x) is as follows [31].

2
5ol = || g [ H @ ©

The definitions of parameters of Eq. (6) are given in
Appendix A.

Irradiance (I) is the power per unit area (unit: Wm™2 or
Js~'m~2). We know [31] that the irradiance equation is I =
(1/2) ceE?; for incident irradiance, Iy = (1/2) 00 |E6L |2.
Now, the Eq. (6) can be rewritten as:

_,'_‘2 21

5@ = =2 0 @
Co€0

J
The irradiance at any position (x) inside the active layer
islj (x) = (1/2) Cj€j ‘Ej (x)|2. Using Eq. (7) and the relation
between the refractive index (1;) and electric permittivity (g;),
the final form of ; (x) can be obtained as follows [31]:
. 2
G = o o ®)

VOLUME 9, 2021



M. S. Islam: Investigation of Current of P3HT: PCBM-Based OSC Extracting Spatial Recombination Coefficient

IEEE Access

If we multiply irradiance [; (x) [unit: Js~'m~2] with
absorption coefficient e; [unit: m~!] and then divide by pho-
ton energy (hc / A) [unit: J], we can obtain the photon incident
rate [unit: s~'m~3]. Assuming that each photon produces
each exciton, we can obtain the exciton generation rate using
the following equation [31]:

: 2
Gewe () = e |1 ot () ©)
he " no 1Y

Here, h = Planck’s constant; ¢ = light speed.

Gy 1s a function of position and wavelength. Eq. (9) deter-
mines the exciton generation rate for a single wavelength. The
exciton generation rate at any position for all the lights can be
determined by integrating over the wavelength range.

Ill. CHARGE CARRIER GENERATION RAT
All of the generated excitons do not dissociate into free
charge carriers; however, many of them do. The Onsager the-
ory [24] is useful for calculating the dissociation probability
of excitons. However, the Onsager theory cannot describe the
exciton behavior at high electric fields [32], [33]. Braun [25]
corrected and defined the dissociation probability P as

_ kaiss _ 1 (10)

kaiss + kf 1+ (kf / kdiss)

where kf = decay rate = S, / ro; S, = reactivity parameter
(unit: ms~1), rg = electron-hole separation distance of the
exciton. kgjss = dissociation rate; kg;ss depends on the electric
field (F) working across the active layer.

Based on Onsager [34], Braun provided an equation for
kaiss that has been used in many studies [9], [12], [35]. How-
ever, Wojcik’s group [30] provided an improved formula for
kaiss as follows:

Dr, _r » p
kdiss_W=_3€ 0 (1+b+?+1_8+> (11)
"o

The definitions of parameters of Eq. (11) are given in
Appendix B.

Many researchers [22], [25], [26], [32] have used constant
separation-distance (rg) but naturally different excitons have
different separation distances; therefore, a statistical distribu-
tion function may be used to address this fact. In this work,
the separation distance was considered as variable (r), and the
spherically averaged Gaussian distribution (SAGD) function
was used along with kg;ss provided by Wojcik et al.; thus,
an improved dissociation probability (P) was calculated as
follows.

o kdixs(r)
= _— 12
P /0 k() + g7y (12

where f (7) is the SAGD function given by
4 oo

" 13
Nz (1)

where r = variable separation distance, r, = the value of r at
which the SAGD function value is maximum.

[ =
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FIGURE 2. (a) P3HT:PCBM based OSC structure; (b) Energy levels of 0SC
materials.

Then, the charge carrier generation rate (G) was computed
using the following equation.

G (x) = PGexe (x) = KH (x) (14)

where

K =ploli ‘ﬁ‘zlo

he “mo 1Y

IV. ENERGY, FIELD, POTENTIAL & CURRENT IN OSC
The structure, energy bands, electric fields, potentials, and
currents related to organic solar cells (OSCs) are described
in this section. Fig. 2(a) presents the structure of the OSC
analyzed in this study. The layer materials were ITO, PEDOT,
PSS, P3HT, PCBM, and Al. Among them, ITO works to
collect holes to function as an anode terminal, the advantage
of using ITO is its transparency, which is suitable for optical
devices. PEDOT:PSS (a mixture of PEDOT and PSS) helps
to guide and collect holes effectively. PAHT:PCBM (mixture
of P3HT and PCBM) is the active layer that absorbs photons
(light). Al-layer was used to collect electrons to work as
the cathode terminal. Fig. 2(b) presents the energy of the
layer materials of OSC, which were collected from the lit-
erature [5], [12], [36]-[40]. The energy levels are negative
because the electron energy is shown here.

The properties of organic materials are described using the
lowest unoccupied molecular orbital (LUMO), highest occu-
pied molecular orbital (HOMO), and energy gap separating
the LUMO and HOMO.

The bandgap of P3HT (1.9 eV) and PCBM (1.8 eV)
suggests that both materials are suitable for absorbing solar
irradiance; therefore, excitons are generated in both; for an
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exciton generated in an organic material (P3HT or PCBM),
the electron of that exciton will be at the LUMO, and the hole
at the HOMO of that material.

Some of the excitons are lost because of direct recom-
bination as follows: electrons at P3HT_LUMO fall into
holes at P3HT_HOMO or electrons at PCBM_LUMO fall
into holes at PCBM_HOMO. The other excitons disso-
ciate into free electrons and holes. Like any other par-
ticles, electrons move from high energy to low energy;
that is, free electrons will move from P3HT LUMO to
PCBM_LUMO, as shown in Fig. 2(b). For this reason, P3HT
is termed as the (electron) donor and PCBM as the (electron)
acceptor.

Let us now consider hole movement. The typical energy
band diagram shows the electron energy (negative value),
as shown in Fig. 2(b). Because hole-energy is positively
valued, a hole-energy-band-diagram may be obtained by flip-
ping the electron-energy-band-diagram about the horizontal
axis at zero energy. In this case, a high level in the electron-
energy-band-diagram will become low in the hole-energy-
band-diagram and vice versa. Free holes will move from
high hole energy (= low electron energy) to low hole energy
(= high electron energy). So, free holes will flow from
PCBM_HOMO to P3HT_HOMO as in Fig. 2(b).

Now, electrons at PCBM_LUMO and holes at
P3HT_HOMO will form *“geminate pairs”. The electric field
across the active layer breaks these geminate pairs, and hence,
electrons and holes will finally become free. Then, they move
toward the collecting electrodes.

When an electrode is attached to one side of the active
layer (mixer of P3HT and PCBM), some regions of the elec-
trode are in touch with P3HT and some regions with PCBM.
Electrons at PCBM_LUMO or holes at P3BHT_HOMO will
choose the electrode to move depending on the energy. If the
energy level of the electrode material is slightly (not largely)
less than that of PCBM_LUMO, then free electrons will
move from PCBM_LUMO to that electrode through a fea-
sible small energy change, here free electrons will move to
Al, hence Al will work as a cathode. On the other hand,
if the energy level of the electrode material is slightly higher
than that of P3HT _HOMO, then free holes will move from
P3HT_HOMO to that electrode, here free holes will move
to PEDOT:PSS and then to ITO; hence, ITO will work as
an anode. Inside the OSC, both electron-flow and hole-flow
will create current flowing from PCBM to P3HT. Outside the
OSC, when a load is connected, the current will come out at
the ITO (P3HT side), go through the load, and enter at Al
(PCBM side).

The PEDOT:PSS layer was used for better collection of
holes. The movement of holes directly from P3HT_HOMO
to ITO would not be effective because it would require
a large energy change that is not naturally favorable. The
PEDOT:PSS layer between P3HT and ITO creates a gradual
small energy difference between two adjacent layers so that
holes can move through favorable small energy changes in
two steps; thus, holes are guided towards ITO and effectively
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collected. A similar approach can be used to guide electrons,
if necessary.

Let us look at pn junction solar cell. A pn junction has an
internal electric field directed from the n-side to the p-side,
and a corresponding built-in potential (Vj;). When light is
incident on a pn junction, holes and electrons are generated,
and a current is produced by the field in the direction from
n-side to p-side. Usually, the direction from p-side to n-side
is considered as positive; therefore, the field and current of a
pn junction solar cell are negative.

We already know that the current inside the OSC is from
PCBM to P3HT, whereas the current inside the pn junction
solar cell is from n-side to p-side. By comparison, it may be
deduced that PCBM is like n-side and P3HT is like p-side.

The active layer (mixer of P3HT and PCBM) is similar
to a single metamaterial, where PCBM_LUMO is equiva-
lent to the conduction band and P3HT_HOMO is equiva-
lent to the valence band [10], [11], [13], [15]. OSC has a
current, hence it has an internal electric field and a cor-
responding built-in potential (V};) like pn junction. Litera-
ture [13], [15], [36] shows that the energy levels of Al and
PEDOT:PSS may be considered as the Fermi levels and the
difference between them will determine the value of Vj;; that
is, Vi = (Ear — EpEpoT:Pss) volts.

Solar cell current may be used instantly by flowing it
through a load connected at solar cell terminals; in this case,
the load will receive solar power while the sun is available.
Usually, a solar cell current is used to charge a battery to
store solar power for later use, especially when the sun is
absent. When a battery is charged by an organic solar cell
(OSC), the battery terminal connected to ITO becomes posi-
tive polarity and the battery terminal connected to Al becomes
negative polarity because the current comes out at ITO, goes
through the battery, and then enters into Al. The voltage of
the connected battery (being charged) affects the OSC current
by working as an external applied voltage (V,), which gives
a positive voltage to ITO (P3HT side, p side) and negative
voltage to Al (PCBM side, n side). This indicates that V,
produces a positive current in the forward direction, working
against Vp;. Therefore, the resultant electric field (F') can be
approximated as F' = (V, — Vpi) / d;, where d; = active layer
thickness.

Like many other researchers [11], [13], [14], [15], this
work also assumes F to be constant throughout the active
layer, which is valid if the active layer thickness (d}) is low
(< 200 nm).

While moving, some electrons and holes will be recom-
bined inside the active layer; this recombination was consid-
ered in this work.

Here, E4qp and Egj, are the energy differences between the
valence band (P3HT_HOMO) and Fermi levels at x = 0 and
x = d; shown in Fig. 2(b); E40, and Egj, are the energy
differences between the conduction band (PCMB_LUMO)
and Fermi levels at x = 0 and x = d;. These energy
differences were used as boundary conditions to solve the
differential equations for the holes and electrons.
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V. UNIVERSAL SOLUTION FOR HOLE & ELECTRON
Organic solar cells (OSCs) and semiconductor pn junctions
are analogous, but their structures are different; therefore,
the approaches of analyses are different. The pn junction
has a small depletion layer around the junction that con-
tains charged atoms, producing an internal electric field. The
field force produces drift current. Again, the concentration
difference of holes (or electrons) at the two sides of the
depletion layer produces diffusion current. In forward bias,
the diffusion current is much larger than the drift current;
therefore, the drift current is neglected, and only the diffusion
current is considered for calculating the current. On the other
hand, in reverse bias, no diffusion current exists, and only the
drift current is considered. However, for bulk heterojunction
OSCs, the active layer is the mixer of donor and acceptor
materials (no distinct separating boundary), and the concen-
tration difference of holes (or electrons) exists throughout the
active layer, and the electric field is across the entire active
layer (not across the small depletion layer); therefore, diffu-
sion and drift currents exist throughout the entire active layer;
hence, both currents are to be considered in the calculation of
current in OSCs.

Because of the various interactions inside the device, all the
generated electrons and holes cannot participate in the current
production. The current-producing hole (electron) density per
unit volume can be determined using the drift-diffusion trans-
port equation, continuity equation, charge carrier generation
rate, and recombination rate. The analytical expression of
the hole (electron) is derived first, followed by the analytical
expression of its current.

Let us first consider the case of current-producing holes
(p). If an electric field exists in the positive x direction,
holes will drift in the positive x direction, producing a drift
current (qupFp) in the positive x direction. If the hole con-
centration gradient exists and dp/dx is positive, holes will
diffuse toward the negative x direction, producing a diffusion
current (kgT ppdp / dx) in the negative x direction. Therefore,
the transport equation for holes is as follows [41]:

dp
Jp, = Fp — kpTp,— 15
p = qiptp — kpT 1y == 15)
The continuity equation for holes is
1dJ,
- —~2=(G-R 16
qu ( P) ( )

where J = current density, G = generation rate, R = recom-
bination rate.

Similarly, in the case of current-producing electrons (n), if
an electric field exists in the positive x direction, electrons
will drift in the negative x direction, producing a drift current
(gunFn) in the positive x direction. If the electron concen-
tration gradient exists and dn/dx is positive, electrons will
diffuse toward the negative x direction, producing a diffusion
current (kgT (w,dn / dx) in the positive x direction. Therefore,
the transport equation for electrons is as follows [41]:

dn
Jn = qunFn+ kBTl/Lna (17)
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The continuity equation for electrons is

_l%:(G_Rn) (18)
q dx

From the above four equations, it can be seen that if
we consider the values of ¢ and p with negative sign in
Egs. (15) and (16) then they become the same as in
Egs. (17) and (18), therefore, we can use two equations
instead of four. That is, in general, for any charge carrier (Q),
we may use the following two Eqs. (19) and (20), we can
obtain a universal solution for both holes and electrons.
To obtain the results for holes, we have to use the values of
g and p with positive sign; on the other hand, to obtain the
results for electrons, we have to use the values of ¢ and p

with negative sign.

d
J = quFQ — ksTu™2 (19)
dx
Lar_ (G —Rp) (20)
gdx Q

where Q = hole (electron) density (unit: m~3),J = hole (elec-
tron) current density (unit: Am~?), G = hole (electron) gen-
eration rate (unit: s~ 'm™3), Ro = recombination rate = 7, Q;
r,m = monomolecular recombination coefficient (s ).
Using Egs. (19) and (20), we get
d’Q

dQ
W +a15 + a0 = a3G 21

ai, az, and a3 are defined in Appendix C.

When there is no light (dark condition), charge carriers are
generated because of the environmental temperature. When
light is incident, environmental temperature is also present;
therefore, we have to calculate the charge carriers generated
by the incident light (photo component) as well as by the
environmental temperature (dark component).

For charge carriers produced by dark condition the differ-
ential equation is

2
StaDrwo=0rG=0 @
The solution of Eq. (22) is

Qdark = A1€”"" + Are®” (23)

w1 and w, are defined in Appendix C. Again, A| and A, are
constants to be determined using boundary conditions.
For charge carriers produced by photons, the differential
equation is
d? d
—g+a1—Q+a2Q=a3G[‘.'G7éO] (24)
dx dx
Complementary solution of Eq. (24) is
Opi1 = Aze®" + Age?” (25)

Here A3 and A4 are constants to be determined using
boundary conditions.
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Using G from Eq. (14), which is for a single wave-
length, we can get a particular solution of Eq. (24) as
follows [31]:

Opi = ase” " + ase®”™ + agcos (N — Rx)
+azsin(N — Rx) (26)

as, as, ae, and ay are defined in Appendix C.
Total solution of Eq. (24) is

Oph = A3e”"™ + Age + aze™ ™" + ase®™
+agcos (N — Rx) + azsin(N — Rx) (27)

Eq. (27) represents the photo-charge carriers for a single
wavelength.

Photo-charge carriers for all wavelengths can be found as
A2

OpndA (28)

Al

Qpht =

Total charge carriers (dark plus photo) may be calculated
as follows:

0 = Qdark + A Opnd (29)
1

Eq. (29) is the universal expression for evaluating both
holes (/) and electrons (n). That is, 1 = Q (calculated with
positive u, g) and n = Q (calculated with negative u, g).

The boundary values of the charge carriers at x = 0
and x = d; were calculated using the energy levels in the
standard equations of semiconductor physics [41], and then
applying these boundary values in Eq. (29), we can calculate
A1,As, Az, and A4. The detailed calculations are given in
Appendix D.

Let us now consider current calculations. By substituting
Qdark from Eq. (23) into Eq. (19), we can obtain the dark
current as

Jodark = A11€”"* + Ajpe®?* (30)

A11 and A1; are defined in Appendix E.
Again, by substituting O, from Eq. (27) into Eq. (19),
we can obtain the photocurrent for a single wavelength as

Joph = A1 + Ape® + Apze” " 4 Apge™”
+Azscos (N — Rx) + Agxesin (N — Rx)  (31)

As1, A2, A2z, Az4, Ass, and Ajg are defined in Appendix E.
Photocurrent for all wavelengths is

A2
Jopht = / Jopnd A (32)
A

1
Total current (dark plus photo) of any charge carrier is

A2
JQ = JQdark + / JQphd)\ (33)
Al

Eq. (33) is the universal equation for evaluating both the
hole current (J,) and electron current (J,). That is, J, = Jg
(calculated with positive u, g) and J,, = Jg (calculated with
negative i, q).
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Grand total current due to both holes and electrons is
Jrotal = Jp +Jn (34)

VI. RESULTS AND DISCUSSIONS

Solar cell analysis using an analytical method requires infor-
mation on the sunlight intensity (irradiance), whose surface
value is 6.33 x 107 W/m?, and it is decreased to 1367 W/m?
while the light reaches just outside the atmosphere above
the earth, which is known as extraterrestrial irradiance. The
light intensity is further reduced because of absorption by the
atmosphere. The amount of absorption depends on whether
the light travels through the Earth’s atmosphere in the per-
pendicular direction (shortest distance) or in the inclined
direction (longer distance) to reach a place on the earth
where the solar cell is situated. The condition of inclination
is indexed by the air mass (AM), which is the ratio of the
actual traveled distance through the atmosphere to the per-
pendicular distance. Extraterrestrial irradiance is indexed by
AM 0 because light travels no distance through the atmo-
sphere. When the light reaches a place on the earth in the
perpendicular direction, it is indexed by AM 1.0. When
the light comes at an angle of 609, it crosses the distance
double the perpendicular distance; it is indexed by AM 2.0.
Solar irradiance of AM 1.5 (global) was used in this work,
as in many other studies [2], [3], [9], [12], [15], [22]. The
data of irradiance AM 1.5 were collected from standard
sources [42].

To calculate the excitons using the optical transfer matrix
method, we need the refractive index (n) and extinction coef-
ficient (k) of the materials of the device under investigation,
which were collected from the literature [26], [36].

To obtain the photo-excited part of any quantity, it is nec-
essary to integrate over the effective wavelength range. The
effective wavelength range depends on the device structure
and the layer materials. It is essential to identify the precise
effective wavelength range for two reasons: (i) to understand
which portion of the solar spectra would be absorbed by a
device structure, it would be useful to compare the optical
effectiveness of different structures and determine the best
one; (ii) experimental works are usually performed with dif-
ferent levels of input power (1000 W/m2, 800 W/mZ2, etc.),
whereas analytical calculations are usually carried out using
solar irradiance AM 1.5, where solar irradiance is expressed
in units of Wm~—?nm~!. To compare the experimental and
analytical results, the input power for both cases should be
the same. To determine the input power level in the analytical
calculation, we need to integrate the solar irradiance over
the exact effective wavelength range that a device actually
absorbs; if the calculated (integrated) power is not the same
as the experimental input power level, then the input solar
irradiance is multiplied by a factor before using it in the
analytical calculation to ensure that the input power level
of the analytical calculation is equal to the input power
level of the experiment. The multiplying factor is the ratio
of the experimental input power to the power obtained by
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integrating the solar irradiance over the exact effective wave-
length range.

Excitons represent the absorption amount; therefore,
excitons were investigated to obtain the exact effective
wavelength range of the OSC structure in Fig. 2(a). First,
the lower limit of wavelength was fixed at 350 nm, and
the upper limit was varied in the range of 350 to 850 nm.
For a selected upper limit value, the exciton generation rate
at a certain position was calculated for each wavelength
using Eq. (9), the results were integrated over the wavelength
range extending from the lower limit (350 nm) to the upper
limit (selected value). Similarly, integrated values were cal-
culated for the other positions. Then, the average exciton
was calculated by averaging the integrated values of all the
positions. Similarly, the average excitons were determined
for the other selected upper limit values. Fig. 3(a) shows
the average excitons computed with solar irradiance of AM
1.5; the exciton increases with the upper limit; for a fixed
lower limit, increasing the upper limit encompasses more
wavelengths (photons); hence, the exciton increases. For the
upper limit of 730 nm or more, the average exciton generation
rate reaches 4.9 x 1027 s~!'m~3 (for irradiance AM 1.5) and
does not increase further, as shown in Fig. 3(a), indicating
that photons with wavelengths greater than 730 nm do not
contribute, that means the device does not absorb; therefore,
the exact upper limit is 730 nm. Similarly, another calculation
was carried out, keeping the upper limit fixed at 850 nm
and varying the lower limit in the range of 850 to 350 nm.
For each selected lower limit value, the average exciton was
calculated as described above and is plotted in Fig. 3(b).
In this case, the average exciton increases with the decrease
of the lower limit; for a fixed upper limit, the decreasing
lower limit encompasses more wavelengths (photons); hence,
the exciton increases. For the lower limit of 360 nm or less,
the average exciton no longer increases, indicating that the
exact lower limit is 360 nm.

To verify the applicability of the optical transfer matrix
method, the optical electric field magnitudes at different posi-
tions inside the active layer of the OSC were calculated using
the OTMM-based Eq. (7). Note that Eq. (7) determines the
square of the field magnitude, however, the field magnitudes
have been presented here. Fig. 4 presents the positional vari-
ation of the optical electric field magnitudes for an OSC with
the active layer thickness (d;) of 100, 200, and 300 nm for
different irradiances (400 to 1000 W/m?).

As expected, the optical electric field was found to be larger
for higher irradiances. The optical electric field variation
exhibits a wave-like pattern with positions as shown in figure,
not constant, and not exponential, indicating that OTMM
includes the optical phenomena (reflection, refraction, inter-
ference) and hence provides the correct distribution (profile)
of light. Because the optical electric field produces exci-
tons and charge carriers, they also exhibit similar wave-like
variations with positions. Optical field varies in the range
of 0.1 to 0.6 V/m as shown in Fig. 4. For the device with
active layer thickness of 100 nm, the excitons are found
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FIGURE 3. Average excitation generation rate of OSC with irradiance of
AM 1.5 (global), active layer thickness of 100 nm: (a) when lower limit of
wavelength is fixed at 350 nm and upper limit is increasing, (b) when
upper limit is fixed at 850 nm and lower limit is decreasing.

varying in the range of 1 x 10?7 to 16 x 10*’s~'m~3 with
the average excitons of 4.3 x 107, 6.4 x 10?7, 8.5 x 10?7,
and 10.6 x 10%7 s~!m™3 for irradiances of 400, 600, 800,
and 1000 W/m?2, respectively, these values are consistent with
other works [10], [17], [43].

Regarding the dissociation probability of excitons, pre-
vious work [31] showed that Braun’s formulation esti-
mates high probability; Wojcik’s formulation estimates low
probability; however, the probability calculated by incor-
porating the spherically averaged Gaussian distribution
(SAGD) function gives the value between the two. Natu-
rally, the separation distances of electrons and holes of exci-
tons are different; because of considering this natural fact
in the SAGD-incorporated dissociation probability, it has
been assumed to be logical. Using the SAGD-incorporated
probability, the charge carriers were calculated using
Eq. (14).

The current-producing hole density (unit: m—>) was cal-
culated analytically using Eq. (29) with positive g and u;
similarly, the electron density was determined using Eq. (29)
with negative g and p; this universal Eq. (29) was obtained
from the analytical solution of the differential Eq. (21).
Now, the same differential Eq. (21) was solved using a
numerical method and plotted along with the analytical
results.

Fig. 5 shows the analytical and numerical results for the
hole and electron densities with positions for an irradiance
of 1000 W/m? and terminal voltages (V) of 0.1, 0.3, and
0.5 V. Analytical results (solid line) exactly match the numer-
ical results (markers) for each case as shown, which ensures
the correctness of the analytical solution.

Another universal analytical Eq. (33) was derived and used
to calculate the hole and electron currents. The total current
was obtained using Eq. (34). The total current, calculated
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FIGURE 4. Optical electric field magnitude of an organic solar cell for
irradiance of 400 to 1000 W/m2 having the active layer thickness of

(a) 100 nm, (b) 200 nm, and (c) 300 nm. Optical electric field magnitudes
are different at different positions due to optical reflection, refraction and
interference.

using the constant value of the recombination coefficient, was
found to vary with the positions, as shown in Fig. 6, which is
inconsistent because the total current should be the same at
all positions.
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other.
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FIGURE 6. Total current calculated using constant recombination
coefficient, terminal voltage of 0.4 V and irradiance power levels of 400,
600, 800, 1000 W/m?2. Total current values are found different at different
positions, which is inconsistent with position-independent property of
total current.

Other researchers [26]—[29], who used a constant recom-
bination coefficient, also observed the position dependency
of the total current; however, they presented the value of
current at a certain position or the average value of current
in their reports. Again, those [30] who neglected recom-
bination in the analytical solution found the current to be
the same at all positions. However, recombination cannot
be neglected, especially for devices that are highly recom-
bination prone. To obtain a consistent position-independent
current, we must use the appropriate positional values of the
recombination coefficient instead of using a constant value.
This is logical because, owing to optical interference and dif-
ferences in mobility, the hole and electron densities would be
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FIGURE 7. Extracted recombination coefficients with positions inside
active layer of an OSC with irradiance 1000 W/m?2, terminal voltage (Vqg)
values of 0 to 0.5 V. With the increase of Vg, the peak value of spatial
recombination coefficient decreases, and peak position shifts leftwards.

different at different positions; hence, recombination would
be different.

The positional values of the recombination coefficients
were extracted using the following procedure. For a certain
irradiance power and a certain terminal voltage, the total
current at a certain position was calculated analytically using
Eq. (34) by varying the recombination coefficient over a wide
range, the value of the recombination coefficient, for which
the calculated current matches with the experimental value,
is accepted as the appropriate recombination coefficient for
that position. Similarly, the recombination coefficients for
the other positions were extracted. Similarly, for the other
terminal voltages, the positional values of the recombination
coefficients were extracted. Similar calculations were per-
formed for other irradiance levels. As expected, the extracted
values of the recombination coefficients were found to be
different at different positions.

Fig. 7 exhibits spatial variation of extracted recombination
coefficients inside active layer of an OSC for irradiance
1000 W/m?, terminal voltage (V,) of 0, 0.1, 0.2, 0.3, 0.4,
and 0.5V; peak values and peak positions are different for
different terminal voltages. It has already been mentioned
that the resultant electric field F = (V, — V};) / d;. Because
V, cannot be larger than Vp; and Vj; is fixed, with the
increase of V, (increase of battery charging), the field F
remains negative, but the magnitude of the field decreases.
For lower V,, the field magnitude is higher; hence, more
excitons are dissociated, more charge carriers are generated,
and more recombination occurs because recombination is
directly proportional to the population of charge carriers;
therefore, the peak level of the recombination coefficient is
higher for lower V,. In contrast, if V, is increased, the peak
level of the recombination coefficient decreases, as shown
in Fig. 7.

We know that the field is negative, directed in the neg-
ative x, right to left in Fig. 2(b). For a lower V,, the field
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FIGURE 8. Total current calculated using spatial recombination
coefficients, terminal voltage of 0.4 V and irradiance levels of 400, 600,
800 and 1000 W/m2. Total current values are found same at all positions,
which is consistent with position-independent property of total current.

magnitude is higher; for higher fields, most of the charge car-
riers are generated closer to the right edge of the active layer
(closer to the surface of the start of field), which is similar to
the skin effect (tendency to crowd near the surface); therefore,
higher recombination occurs closer to the right edge, that is,
the peak of the recombination coefficient occurs closer to the
right edge for a lower V,. Accordingly, if V, is increased,
the peak position shifts leftward, as shown in Fig. 7. The
values of the recombination coefficient were found to vary
in the order of 10*—10° m~".

Then, using these extracted spatial recombination coeffi-
cients, the total current was calculated by the Eq. (34). The
total current was found to have the same value at all positions,
as shown in Fig. 8, which is consistent with the position-
independent property of the total current.

Note that, using the spatial recombination coefficient, Eq.
(34) gives the total current directly and does not need to
have an average. Thus, by using the spatial recombination
coefficient, the problem of the position dependency of the
total current can be solved.

To gain further insight, the hole and electron currents were
calculated separately using Eq. (33) with positive g, u and
negative g, i, respectively. Fig. 9 shows the variation of the
hole current, electron current, and total current with position
(x) for an OSC with a terminal voltage of OV, an active
layer thickness of 100 nm, and an irradiance of 1000 W/m?.
Here, both the hole current and electron current are negative;
therefore, the total current is negative. The hole current mag-
nitude decreases with position, whereas the electron current
magnitude increases, as shown in Fig. 9; hence, their sum-
mation, that is, the total current magnitude is constant with
position.

The electric field produces drift current. Because the field
is negative, the drift currents of holes and electrons are both
in the negative x direction. The drift current magnitude is pro-
portional to the magnitude of the electric field and the number

130511



IEEE Access

M. S. Islam: Investigation of Current of P3HT: PCBM-Based OSC Extracting Spatial Recombination Coefficient

20 [T T T T T ]
[ —o— Hole current (Jp) 1
—+— Electron current (Jn)
—e—(Jp+Jn)

20 40 60 80 100
Position, x (nm)

FIGURE 9. Hole current, electron current and total current variation with
position. Hole current magnitude decreases, whereas electron current
magnitude increases, therefore, the summation of them gives the same
value at each position, that is, total current is constant for all positions.

of charge carriers. For a certain terminal voltage, the electric
field magnitude is assumed to be constant throughout the
active layer, hence the drift current directly varies with the
amount of charge carriers. Fig. 5 shows that the hole (elec-
tron) amount is the highest (lowest) at x = 0 and decreases
(increases) with position; therefore, the hole (electron) nega-
tive drift current magnitude is the highest (lowest) at x = 0
and decreases (increases) with position.

Again, the concentration gradient (slope) produces dif-
fusion current. As per the concentration profile in Fig. 5,
holes (electrons) diffuse in the positive (negative) x direction;
hence, the diffusion currents of holes and electrons are both
in the positive x direction. The diffusion current magnitude
is proportional to the magnitude of the concentration gra-
dient (slope). Fig. 5 shows that the gradient (slope) of the
hole (electron) concentration is the highest (lowest) at x = 0
and decreases (increases) with position; therefore, the hole
(electron) positive diffusion current magnitude is the high-
est (lowest) at x = 0 and decreases (increases) with position.
We can summarize as, with position x, the hole (electron) neg-
ative drift current magnitude decreases (increases), and the
hole (electron) positive diffusion current magnitude decreases
(increases).

Fig. 9 shows that both hole and electron currents are
negative, this indicates that the hole (electron) negative drift
current magnitude is larger than the hole (electron) pos-
itive diffusion current magnitude, this also indicates that
the decrease (increase) rate of the hole (electron) negative
drift current magnitude is larger than the decrease (increase)
rate of the hole (electron) positive diffusion current
magnitude.

To investigate the current components, the dark current,
photocurrent, and total current were calculated analytically
using Egs. (30), (32), and (34), respectively, using the spatial
recombination coefficients. Fig. 10 shows the total current
and its components with the variation of terminal voltage

130512

90F ‘ ‘ ] ‘ ‘
a t(b
6o @ Dark 30} (b) Dark
30 J 0F
0F ] Total

‘ Dari( 1

30[ ) Dar\k 1 200

Photo] -40 PI‘Q)to ]

00 02 04 00 02 04
Current, J (Am 2) vs. Terminal voltage, Va (V)

FIGURE 10. Dark current, photo current and total current of OSC for

Va = 0 to 0.6 V (solar cell operation range) with four irradiance levels:

(a) 1000 W/m2, (b) 800 W/m?2, (c) 600 W/m2, (d) 400 W/m2. Analytical
total current (solid line) are found consistent with that of experimental
measurement (circular markers) for each case.

(V,) for irradiances of 1000, 800, 600, and 400 W/m2.
In solar cells, charge carriers are generated by environmental
temperature (dark condition) and by photons (illuminated
condition). The negative field causes these charge carriers
to flow and produces a current in the negative direction
(reverse current). On the other hand, the charging battery
voltage (V,) is connected at the terminal in such a way
that it produces current in the positive direction (forward
current).

Under dark condition, there are thermally generated charge
carriers; they are few in number, and the reverse current due
to these few thermal charge carriers is negligible and hence
solved with zero generation rate, but there is V, applied at
the terminal; therefore, the dark current is a positive forward
current due to V,, which is similar to the forward bias current
of a pn junction, as shown in Fig. 10.

Under illuminated condition, there are photo-generated
charge carriers, which are large in number, and the reverse
current due to these large photo charge carriers is not negli-
gible and hence solved including generation rate, in addition
there is V, applied at the terminal; therefore, the photocurrent
is determined by the generation rate and V,. In this case,
V, modifies the resultant electric field and hence affects the
photocurrent. The resultant electric field F = (V, — Vj;) / d;.
At the start of battery charging, V, = 0, hence the resultant
field F = —Vj;/d; is negative, so the photocurrent is neg-
ative, and this field magnitude is the maximum; as a result,
the highest excitons are dissociated; hence, this negative
photocurrent magnitude is the maximum. As V, increases,
the field magnitude decreases; as a result, fewer excitons
are dissociated; hence, the negative photocurrent magnitude
decreases, as shown in Fig. 10.

That is, with the increase of V,, there are two effects:
(i) the positive dark current magnitude increases from zero,

VOLUME 9, 2021



M. S. Islam: Investigation of Current of P3HT: PCBM-Based OSC Extracting Spatial Recombination Coefficient

IEEE Access

TABLE 1. Parameter values used in this work.

For hole For electron

Planck’s constant (h) 6.626x1073* Js
Light speed (¢) 3x10% m/s
Relative permittivity (€,) 3.5

Air permittivity (€) 8.854x10712 F/m
Boltzmann’s constant (kg) 1.38x10723 J/K

Parameter

Internal voltage (Vy;) 08V
Temperature (T) 300 K
Reactivity parameter (S,) 0.05 cm/s
Separation distance (1) Variable

Sep. for Gaussian peak (1) 1.65 nm
Recombination coef. (13,,) Extracted spatial values
Density of states (Ng) 10?0 m3

Thermal energy (E;) [= kgT] 0.0259 eV (4.14x10721 J)

Mobility () [m? V~'s™] 0.1x1078 -7x1078
Electronic charge (q) 1.6x1079C |-1.6x1071°C
Energy diff. at x = 0 (E o) 0.1eV 0.9 eV
Energy diff. at x = d; (Eg;) 0.9 eV 0.1eV

and (ii) the negative photocurrent magnitude decreases from
the maximum negative value. As a result, the total current
(dark plus photo) is maximum negative at first, then the
negative total current magnitude decreases and approaches
toward positive value. When the increased positive dark
current magnitude becomes equal to the decreased negative
photocurrent magnitude, the total current becomes zero, the
battery charging stops, solar cell operation ends, V, value
at this point is the open circuit voltage (Voc), whose val-
ues were found to be 0.537V, 0.569V, 0.588V, and 0.6V
for operation with irradiances of 400, 600, 800, and 1000
W/m?, respectively. Note that, for the OSC structure in Fig. 2,
Voi = (Ear — Epgpor.pss) = —4.3 — (=5.1) = 0.8V.
Each value of Vp¢ obtained is less than Vj; (= 0.8V). The
analytical result of the total current (solid line) is found to
match with the experimental result (markers) [23] for each
irradiance, as shown in Fig. 10. Therefore, it may be assumed
that this analytical calculation can accurately predict OSC
current (performance).

For solar cell operation, practically, V, cannot be larger
than Vpc; however, in the mathematical analysis, if the cal-
culation is continued with V, value larger than V¢, we will
obtain a total current positive, but this current would not be
for solar cells; it would be the forward current remaining after
compensating for the negative photocurrent. When the device
operates as a solar cell, its current is negative, but the terminal
voltage (V) is positive (0< V, < Voc); hence, the power is
negative, which indicates that the solar cell delivers power
(not consuming power).

The parameter values utilized in this work are listed
in Table 1. While fitting the analytical results with experi-
mental values for different irradiances, only the power has
been changed, keeping all other parameter values fixed; that
is, they are valid for different irradiance levels, and these
values are consistent with those used by others [20], [21],

VOLUME 9, 2021

100 f

(o)) e}
(==} (==}

N
(e}

Magnitude of current (Am‘z)

\.]
(e}

Rininns | RN | TR R | IR | IR RN | IR TR F

0 il
400 500 600 700 800 900 1000
Solar irradiance (Wmfz)

FIGURE 11. Variation of current with solar irradiance. Current increases
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terminal voltage and vice vera. Analytical results (solid line) match with
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[35], [36], [44], [45]; therefore, these parameter values may
be considered acceptable.

Again, the current was investigated with respect to solar
irradiance for three terminal voltages (V,) of 0V, 0.2V, and
0.4V and is plotted in Fig. 11. The current magnitude was
found to increase linearly with solar irradiance, as shown
in Fig. 11, which is logical because higher irradiance pro-
duces more excitons, more charge carriers, and hence more
current.

On the other hand, for a certain irradiance level, for a higher
V, less current is obtained, as shown in Fig. 11; for a higher V,,
the field magnitude is reduced, fewer excitons are dissociated,
and hence less current. The analytical results (solid line) are
consistent with the experimental ones (markers) [23].

The current of the OSC was investigated by varying the
active layer thickness (d};). Fig. 12 presents the variation of the
OSC current magnitude with the variation of d; for irradiance
of 1000 W/m?2 and terminal voltage (V,;) of 0V, 0.2V and 0.4 V.
At first, the current magnitude increases with d; and reaches
the highest peak at d; of around 80 nm, and then shows a pul-
sating variation with d;. For some d}, the meeting of incident
and reflected lights in-phase is rigorous, so a peak occurs;
for some other dj, meeting out-of-phase is rigorous, so a
dip occurs, resulting in a pulsating pattern, which is consis-
tent with previous reports on photons absorbed, short-circuit
current, and efficiency with the variation of d; [15], [36],
[37], [46]. For d; = 100 nm, the experimental result (marker)
is found to match with that of analytical computation (solid
line) for each case of V, as shown; hence, it is expected to
match for other d;.

The OSC current depends on the wavelength and hence
exhibits spectral variation. The photocurrent of the OSC
owing to a single wavelength was calculated using Eq. (31);
similarly, photocurrents were calculated for all wavelengths,
and thus spectral analysis was performed. Fig. 13 is showing
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FIGURE 12. Magnitude of OSC current versus active layer thickness (d;).

Current magnitude increases, reaches the highest peak, then exhibits

pulsating variation with d;. For d; = 100 nm, the experimental result
(marker) matches with analytlca{calculation (solid line).

the spectral variation of photocurrent of OSC with d; =
100 nm, irradiance = 1000 W/m? and V, = OV and 0.6V.
This shows that photocurrent is available for the wavelength
range 360 to 730 nm, which is consistent with previously
obtained effective wavelength range. Among them, photons
in the wavelength range of 400—650 nm provide major
contributions to the photocurrent; other wavelengths have a
negligible effect. For a higher V,,, the photocurrent decreases
and vice versa, as shown in Fig. 13. At higher V,,, the electric
field magnitude is smaller, so fewer excitons are dissociated,
resulting in less photocurrent.

The coefficient constants Ay, Ao, A3, Aog, A2s, Ajg in
Eq. (31) depend on Az, A4, a4, as, ag, a7 (see Appendix E).
On the other hand, A3, A4 depend on ag, ag (see Appendix D).
Again, ag, ag depend on ay, as, ag, a7 (see Appendix D).
Each of a4, as, ag, a7 depends on K (see Appendix C). Again,
K contains I (see Eq. (14). That is, the coefficient constants
in Eq. (31) depend directly on Iy (the incident irradiance).
In the standard data source, the irradiance I is recorded in
unit of Wm™2 1 that is, W/m? per nm bandwidth of
wavelength. Therefore, in Fig. 13, the unit of the photocurrent
is Am~2nm~!. The photocurrent magnitude was found to
vary in the range of 1 x 10% to 7 x 108 Am—2nm~!, for
an irradiance of 1000 W/m?, as shown in Fig. 13. If the
photocurrent (Am~2>nm~!) in Fig. 13 is integrated with
respect to wavelength (nm) over the wavelength range, then
the photocurrent will be obtained with the unit of Am~2. For
the spectra in Fig. 13, the integrated photocurrent magnitudes
were found as 108.4 Am~2 and 61.4 Am~2 for V, of OV
and 0.6V, respectively, these are consistent with the result
in Fig. 10(a) for the irradiance of 1000 W/m?. The spectral
variation of the photocurrent is consistent with that reported
in other studies [47]-[50].

Usually, for a solar cell, the terminal voltage V,, is positive
(0 <V, < Vpc). Until now, the device has been analyzed
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FIGURE 13. Spectral variation of photocurrent of 0SC with d; =
irradiance = 1000 W/m?2, terminal voltage V4 = OV and 0.6V.

100 nm,

with the positive V, to determine its performance as a solar
cell. However, if a negative V,, is applied, that is, if an already
charged battery is connected at the terminal of the device
in Fig. 2 with battery-negative at ITO and battery-positive at
Al like the reverse bias of a pn junction, this negative V, will
produce a negative field; hence, the same-directed internal
field will be enhanced, which will enhance the dissociation
of excitons, and hence a larger negative current is produced.
A larger current is easily measurable and detectable; there-
fore, it is suitable for light sensing; it is a photodiode oper-
ation. Therefore, when the device operates with negative V,,,
it will not charge the battery, it will not deliver power; instead,
an external voltage (battery) is needed; that is, the device will
not work as a solar cell; rather, it will work as a light sensor
(photodiode). Fig. 14 shows the performance of the device
as a photodiode with negative V,. The current magnitude
increases with the increase of negative V, magnitude because
the field is enhanced further, more excitons are dissociated,
and hence more current. For a very large negative V,,, there
is no significant increase of the current magnitude (almost
flat), as shown in Fig. 14, because, the very high field has
the ability to dissociate a very large number of excitons,
but the number of excitons is limited by the irradiance
level.

Both the solar cell and photodiode have the same device
structure and working principle, both of which convert light
energy to electrical energy. A solar cell is designed (size
and material) to have a large amount of absorption (without
regard to speed) to work as a good power source, whereas the
photodiode is designed to have high speed (without regard to
power) to work as a good light sensor. The solar cell is oper-
ated in forward bias mode with positive V,, supplied by the
battery being charged by the same solar cell; the photodiode
is operated in reverse bias mode with negative V, supplied
by the battery already charged; however, for both cases,
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the current is negative. That is, the solar cell is operated in the
fourth quadrant (4V, —I) and the photodiode is operated in
the third quadrant (—V, —I) of the current-voltage character-
istic graph. In this work, analytical calculations were carried
out with positive and negative V,, to investigate the perfor-
mance of the device for solar cell and photodiode operation.

VII. CONCLUSION

The current of organic solar cells (OSCs) was studied
analytically. The investigation of excitons found that the
wavelength range of 360 to 730 nm is effective for the inves-
tigated device structure. The optical electric field inside the
active layer varies from 0.1 to 0.6 V/m. The corresponding
exciton generation rate varies in the range of 1 x 10?7 to
16 x 10*’s~!m~3, with average excitons in the range of
4.3 x 10% t0 10.6 x 10?7 s~'m~3 for irradiance of 400 to
1000 W/m?2. The charge carriers were calculated from the
excitons using an improved dissociation probability, incor-
porating a Gaussian distribution function. A universal set
of solutions was used for both the holes and electrons. The
holes (electrons) exhibit exponential variation with position
having the highest value of approximately 2 x 10** m—3.
The total current, calculated using a constant recombination
coefficient, was found to be position dependent, which is
inconsistent. Then, spatial recombination coefficients were
extracted, which were found to vary in the order of 104 to
10 m~!. The total current, calculated using spatial recom-
bination coefficients, was found to be position independent,
which is consistent; thus, the problem regarding the posi-
tion dependency of the total current was solved. The spatial
study shows that the hole current magnitude decreases with
position, whereas the electron current magnitude increases;
hence, their summation (total current) gives a constant value
at each position. Again, as the terminal voltage increases,
the positive dark current magnitude increases, and the neg-
ative photocurrent magnitude decreases; hence, the negative
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total current magnitude decreases and becomes zero at the
open circuit voltage (Voc). The values of Voc were found
to change in the range of 0.5 to 0.6 V for the irradiance
of 400 to 1000 W/m?2. The OSC current varied from 20 to
110 A/m? for irradiances of 400—1000 W/m?. Again, the
analysis with the active layer thickness (d;) shows that the
OSC current reaches the top at around d; = 80 nm, and then
exhibits pulsating variation with d;. Spectral analysis shows
that the photocurrent is available for wavelengths of 360 to
730 nm, among which photons of 400 to 650 nm provide
major contributions. The photocurrent was in the range of
1 x 10% to 7 x 108 Am~2nm~! for an irradiance of 1000
W/m?. The device, operated with a negative terminal voltage,
was found to be useful as a photodiode for light sensing. The
results of this study are consistent with those of the previous
reports. This work produces a better prediction of OSC per-
formance because of improved analytical calculations using
spatial recombination coefficients, space-and wavelength-
dependent excitons, and improved dissociation probability
incorporating Gaussian distribution, altogether. Hence, this
work may provide clues for the better design of organic solar
cells.

APPENDIX A
R
J Sil +Si2r”e’2§f‘1f
,_Sh
St
27 n;
§ = T]

nj = (1) + i)
n; = refractive index of active layer material
k;j = extinction coefficient of active layer material
d; = active layer thickness
H (x) = [e_“jx + Le%™ + Mcos (N — Rx)]
4mk; . . .
aj = T = absorption coefficient of active layer
L = p//Ze—Zozjdj

M = zp//e—ajdj

N = (47[;7]{1]' + 5//)

R— 4 n;
A
V4 — ir//|
8” Zr//
APPENDIX B
D=D,+ D,
kgT
D, = B Hp _ hole diffusion coefficient
kgT
D, = BT Hn electron diffusion coefficient
q
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kp = Boltzmann’s constant
T = Temperature in Kelvin
tp ((y) = mobility of holes (electrons)

q = electronic charge value

6]2

re =
dmekgT
& = &,&0 = electric permittivity

= Onsager radius

&, = relative permittivity or dielectric constant
&o = air (vacuum) permittivity
4| IF|
b= —H
8mweksT
|F| = magnitude of the electric field across active layer

= a parameter related to the field

APPENDIX C

—qF
a) = ——

kgT
a = —qrm

kpT 10

—q

az =

kgT 1

—ay + a% —4ay
w] =

2

—ay —,/a] —4ay

wHr =
g 2
az3K

as =

(oejz —aoj + a2>

a3KL

as =

(otjz +aroj + a2>
a3KM (ay — R?)

ag =
(a2 - R?) + 'R
—azKMa R
= 2\2 4 2p2
(az —R ) +aiR
APPENDIX D

The number of holes is related to the energy difference
between the Fermi level (Er) and valence band level (E,).
Theoretically, [13], [41] the hole concentration (p) can be
calculated as, p = Nye Er—EN/keT  — N o—En/Ei; where
N, = effective density of states in the valence band, Ep =
(Ef — Ey), and E; = kpT = thermal energy.

Theoretically, [13], [41] the electron concentration (n) can
be calculated as, n = Nye~E—EN/ksT — N.e~Eo/Er; where
N, = the effective density of states in the conduction band,
E. = conduction band energy level, E.s = (EC — Ef).

In general, for any charge carrier, we may write 0 =
Nye Eda/Er; where Q = concentration of charge carriers (holes
or electrons), Ny = density of states (&, for holes, N, for
electrons), E; = energy difference (Ep for holes, E. for
electrons). E; and E; must be of the same unit.

130516

Atx = 0, if E; = Eg4o then the concentration of charge
carriers is [Q],—¢ = Nye Eao/Er; where Eyo = E4p for holes
and E o, for electrons, as shown in Fig. 2(b). By applying this

boundary value of Q in Eq. (29), we obtain

_Eq A2
Nye B = [Qdarklx=0 +/A [Qph]xz() dx (D1)

1

At the boundary position at x = 0, the charge carrier
concentration depends on the energy difference E;o, which
does not depend on the incident light; that is, the boundary
charge carrier does not depend on light (A). Therefore, A-
related part at RHS of Eq. (D1) should be zero; on the other
hand, the constant parts on the two sides of Eq. (D1) should
be equal.

_Ego
Constant part : [Qgark ]x—o = Nse &
_Ego
= A 4+ Ay =Ne B (D2)
)

A Related part : /
Al

Differentiating the above equation with respect to A
Az +A4 = ag (D3)

where ag = — {a4 + a5 + agcos (N) + azsin (N)}

Atx = d;, if E; = Eg; then the concentration of charge
carriers is [Q]x:dj = N,e Ed4i/Er; where E4i = Egj for holes
and Egj, for electrons, as shown in Fig. 2(b). By applying this

boundary value of Q in Eq. (29), we obtain

[Qph],_odr =0

Edj

A2
Nye B = [Qdark]x:d/- +/)L [Qph]x:d/. dr (D4)
. .

_Eq
Constant part : [Qdark)y=g; = Nse T

Egj

= A% 4 Ape™4 = Nye  Er (D5)
A2
A Related part : / [Ql’h]x—d« dr=0
A -
Differentiating the above equation with respect to A
A3 - Age™ = ag (D6)
where
_ —a;d; aid; .
ag =—{age” "+ ase““I +agcos (N—Rdj)+a7sm(N—Rdj)}
By solving Egs. (D2) and (D5), we may find A1 and A as

follows:
E, Egi
X Ny |:e<_g,0+w2di> 6—5?]

E, Ey;
o= [g(—ﬁf+wldf) - e—Ei’]

where A = [e“’zdi — 14

Similarly, by solving Egs. (D3) and (D6), we may find A3
and A4 as follows:

1
Az = n [age‘“zdf - ag]

1
Ay = 3 [agewldj — ag]
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APPENDIX E

A1 = pAy (gF — kpTwy)
App = pAy (gF — kpT wy)
Az = nA3 (gF — kpT wy)
A2y = pAg (qF — kpT wy)
Arz = pay (qF + kBTaj)
Asg = pas (gF — kgTa;)
Azs = p (qFae + kpTRb7)
Ase = 1 (qFa7 — kpTRbg)
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