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Abstract - In this work, the excitons distribution function in organic bulk heterojunction
solar cells, at a depth z has been determined from solving the charge continuity
equation, by exploiting the Laplace transform with an appropriate boundary conditions.
Next, the influence of the electron-hole pair separation distance on the excitons
dissociation probability, the internal quantum efficiency and the binding energy, has been
studied. The simulated results show that the probability density of the carriers
photogenerated depend on the generation rate, excitons dissociation and the charge
carriers in the cells. The potential improvement of the internal quantum efficiency of
charge generation depends on electron-hole pair separation distance, the excitons
dissociation probability into free charges and depends strongly on the optical absorption
of the photons in the active layer.
Résumé - Dans ce travail, la fonction de distribution des excitons dans les cellules
solaires organiques a hétérojonction volumique, a une profondeur z a été déterminée a
partir de la résolution de I’équation de continuité de charge, en exploitant la méthode de
transformée de Laplace avec une condition aux limites appropriées. Ensuite, [’influence
de la distance de séparation de la paire électron-trou sur la probabilité de dissociation
des excitons, le rendement quantique interne et [’énergie de liaison a été étudié. Les
résultats simulés montrent que la densité de probabilité des porteurs photogénérés
dépendent du taux de génération, la dissociation des excitons et les porteurs de charge
dans les cellules. L’amélioration potentielle de [’efficacité quantique interne de
génération de charge, dépend de la distance de séparation de la paire électron-trou, de la
probabilité de dissociation des excitons en charges libres et dépend fortement de
[’absorption optique des photons dans la couche active.
Mots clés: Fonction de distribution - Excitons - Transformée de Laplace — Photo
génération de charges - Rendement quantique interne - Probabilité de
dissociation.

1. INTRODUCTION

The active layer of organic solar cells is based on the concept of donor-acceptor
heterojunction introduced by Tang [1] to create a better charge separation. This layer is
a blend of an electrons donor (D) and an electrons acceptor (A). The most studied
system which is referenced in an organic solar cells, is regioregular poly(3-
hexylthiophene) (rrPsHT) (electron donor) blended with [6,6]-phenyl Cei-butyric acid
methyl ester(PCBM) (electron acceptor) (rrPsHT-PCBM) [2, 3]. The area of the
interface between the donor and the acceptor is enhanced and efficient exciton
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dissociation can generate a higher short circuit current density Jgc and a net increasing

in the internal quantum efficiency [4]. Although the bulk heterojunction blend has been
introduced to improve the device performance, the power conversion efficiency of
polymer solar cells is still very low.

This energy conversion efficiency of about 10.7 % obtained by Heliatek and Green et
al. [5, 6], reached the high power conversion efficiency of 12 % recently, obtained on a
standard size of 1:1 cm? combining two different absorbing materials [7]. These
materials generate a high recovery photons, dramatically improving the energy
conversion efficiency through a higher photo voltage signal in cells.

The electronic and optical properties such as; the efficiency of photon absorption, the
exciton dissociation rate and geminate recombination, exciton diffusion length and non
geminate bimolecular recombination can play important roles on the performance of
organic bulk heterojunction solar cells [8]. The hightest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the
acceptor can limit the open circuit voltage V., the short circuit current density Jgc

and therefore the efficiency of the device [9-11]. Better performances of solar cells
based on PsHT-PC60BM have been obtained by increasing the regioregularity of PsHT
[12, 13]. This improvement is explained by increasing the value of the internal quantum
efficiency ( IQE ) due to greater absorption near infra-red.

Considerable interest for an improvement to the quantum efficiency conversion by
incorporating plasmonic nanoparticles ( NPs in active layer of organic solar cells has
been showed experimentally [14-18]. The results obtained reveal that the bulk
heterojunction can be blend with plasmonic nanoparticles (NPs), which is a new
composite material with new optical and electronic properties in the organic solar cells.

To determine the optical propagation in the organic solar cells, the transfer matrix
method based on Maxwell’s equations is used by considering optical absorption of
plasmonic active layers [19]. In order to obtain the electromagnetic field E(z)

distribution at a depth z in the cell, the optical transfer-matrix theory (TMF) has been
used. The light is treated as a propagating plane wave, which is transmitted and
reflected on the interface. The complex reflection rj; and transmission tjj coefficients

for a propagating plane wave along the surface normal between two adjacent layers |

and k have been determined from Fresnel’s theory by considering the effect of optical
interference [20]. All these research have been experimentally based on the optical
properties of the charge photo generation.

Recently, in order to understand the origin of the phenomena of surface losses, Yang
et al. (2012) have defined quantitatively and calculated the loss probability of free
charge carriers at the metal/organic (M/O) interfaces from numerical simulations [21].
They have found that the origin of surface losses is the free charge carrier extraction
from the wrong electrodes, or the direct extraction or surface recombination of pair
polaron without dissociation.

De Falco et al. (2012) for high lighting the role of the exciton dynamics in
determining the transient activation time in organic photovoltaic devices, they carried
out a temporal semi-discretization using an implicit adaptive method for the numerical
treatment [22]. The resulting sequence of differential sub problems has been linearized
using the Newton Raphson method with inexact Jacobian and exponentially fitted finite
elements for spatial discretization.

However, there is very little theoretical works on the distribution theory of the
phenomenon of the charge photo generation and the excitons profile in organic bulk
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heterojunction solar cells. Moreover, charge photo generation phenomenon, transport
phenomenon, recombination and excitons dissociation into-free-charge, the surface loss
of free charge carriers at the metal/organic (M/O) interface are important processes in
the organic solar cells.

The objective of this paper is to study theoretically the photogeneration and excitons
distribution function in the organic bulk heterojunction solar cells in order to understand
the excitons dynamics in the cells. The charge continuity equation has been solved
using Laplace transform and the residue theorem. Next, the influence of the Coulomb
interaction between the electron and hole on the dissociation probability, the internal
quantum efficiency, the binding energy distribution and efficiency of the excitons
absorption have been analyzed and interpreted. The simulated results have been
compared with those existing in the literature [20-22].

The paper is organized as following: in Section 2, the architecture of the organic
bulk heterojunction solar cell considered is described. Subsequently, a theoretical
approach of the generation mechanism, recombination and dissociation of excitons in
free charge carriers and excitons transport are presented. An overview of relevant
equations and the solving of the charge continuity equation are shown. The simulated
results and discussion are presented in Sections 3. Finally, the conclusion and outlook
are listed in Section 4.

2. MATERIAL AND METHOD

2.1 Architecture of the organic solar cell

The structure of the solar cell considered, is blend of ITO/PEDOT:PSS/rrPsHT:
PC70BM (1:0.7 weight ratio)/Yb/Al. The layer Yb/Al is cathode and ITO/PEDOT:PSS
is anode. Ytterbium limit electrochemistry between aluminum and sulfur of PsHT in
film and allows improvement of open circuit voltage, shunt resistance and fill factor
(FF) [23].
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Fig. 1: a- Ideal structure of the cell, b- band diagram of the cell ITO/PEDOT/
rrPsHT:PCBM /Yb/AI [26]

The BHJ blend is represented by the HOMO and LUMO levels of the donor and
acceptor. The band offset between the LUMO levels of donor and acceptor guarantees
the charge separation at the interface if the lifetime of the exciton is sufficiently long to
meet a split site as shown in figure 1.

The choice of donor-acceptor pair defines the alignment of electronic levels of the
system. This alignment is important because the energy difference between the HOMO
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of the donor and the LUMO of the acceptor is directly linked to the potential V. of the

solar cell while the energy difference between the LUMO of the two materials ensures
exciton dissociation [24, 25].

The blend rrPsHT:PC70BM is chosen to indicate the interest of complementary
absorption of PC70BM in active layer [26].

2.2 Excitons generation
The quantity energy of incident light absorbed by active layer of a organic solar cell
depends on the complex index of refraction n=n+iK of donor-acceptor materials

[20]. The average energy dissipated per second for a given wavelength A of incident
light at the position z in the organic film can be calculated by:

1 — 2
Q(z1) = Jeegajn ‘ E(z)‘ Q)
where, c, is the vacuum speed of light, &g, the permittivity of vacuum, n, the real

index of refraction, oc:A'I(TH, the absorption coefficient, and E(z), the electrical

optical field at point z, Q(z,A) have the unit of W/m? [27, 28].
Assuming that every photon generates one exciton, the exciton generation rate at
position z in the material is:
G(z2) = Q(z.A) _ 2Q(zA)
hv hC

where h, is Planck constant, v, is the frequency of incident light. We have modeled
frequency G(z,A) by {Eq. (3)}:

@)

G(z,\) = ocLoexp[—%zj = Goexp(—az) 3)

where Gg =alg is the generation rate of singlet excitons depending of the incident

light intensity. L, is the exciton diffusion length and o, the absorption coefficient [29,
30].

2.3 Generation and excitons recombination

In organic bulk heterojunction semiconductors, the mechanism of recombination is
Langevin-type controlled by the mobility of the charge carriers [30-32]. The charge

continuity equation is expressed as followed,
—E%-F P.G(z)-(1-P)R(z) =0
z

(4)
—%M+ P.G(z)-(1-P)R(z) =0

with q, the elementary charge, Jy (z) et Jp (z) , the electron and hole current density at
a depth z in the active layer, G(z), the photon absorption rate, P, the dissociation
probability of charge carrier pair and R(z), the bi-molecular recombination rate from
Langevin model is,

R(z) = |n@). p(z) = n? | (hn +p) — 5)
€. €0
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where n(x), electron density, p(z), hole density, nj, intrinsic carrier density, pp,
electron mobility, p,, hole mobility and &, et &g, spatial average static permittivity of
active layer respectively [31, 32].

dn(z
In@ = -an(2) x i E(2) + a0y T0 22
dp(2) ©
Jp(2) = —ap(z) xpp E(z) - qud—Z
Dn,p . are the carrier diffusion coefficients given by the Einstein relation:
T
Dn,p = Hn,p kg E 7

where kg is the Boltzmann constant and T : the absolute temperature.
The electric field distribution E(z) is determined by the Poisson equation.

EB I (@) -p)) @
z er-€Q

The built-in voltage Vp; is determined by,
L
jo E(z)dz = Vyp — Vpi ©)

where Vjyp, the external applied voltage and L', the active layer thickness [33 - 35].

To find the exciton distribution, the continuity equation can be applied with a one
dimensional diffusion model for exciton movement, the generation rate from {Eq. (1)}
and recombination in the bulk becomes,

2
a_ZP - D_.2P +G=0 (10)
0z L
where P, the excitons distribution, D excitons diffusion constant, L, diffusion length.
Boundary conditions must be chosen to solve {Eq. (10)} in each layer.

oP
D— =S.p(2p) (11)
0z |;-70

where z =z at the interface, and S is the interfacial exciton-quenching velocity. S
describes the recombination of excitons at the interface, and S =0 corresponds to no
recombination while S = oo corresponds to complete quenching at the interface [29].
The Laplace transform is used to solve {Eq. (10)} with the residue theorem.

2.4 Resolution of charge continuity equation

The solution of {Eg. (10)} is obtained by determining its image using the residue
theorem,

(i) First case: let us assume that G(z,A) = Gg = cste

The Laplace transform gives: £[G(z,A] = Gg/P

The image of {Eq.(10)} is obtained by posing X=P and
Y =Sp(zg) = Cste = Gg.
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L2 (~Gg + Sp(zg) P?
Dp (L2p? - 1)

The original of {Eqg. (12)} solution of {Eqg. (10)} given the excitons distribution
function in the cell,

X =

(12)

2 2
P(z) = L_IDG()+2|‘_D(—LZGO+Sp(zo))xcosh(%) (13)
(if) Secondcase: G = f(z)/G(z,A) = Ggexp(-az)

Go
+

The Laplace transform gives: £[G(z,A] =
p

The image of {Eqg. (10)} is obtained,
 _ sp(zo)p _ L% Gg
- 2 2 2 .2
D(Lp®-1) D(p+a).(L7p°-1)

The original of {Eq. (14)}, solution of {Eqg. (10)} gives the excitons distribution
function in the organic cell,

L” Gy -0 +(L28|O(Zo) e
D (1- L20?) D D(1-L%a?)

(iii) Third case: we took into account, the excitons field dependent mobility then we

(14)

P(z0) =

)cosh(%) (15)

have, G(z,A) = (1—e V%) with y= Lg/Lp, where Lg, excitons generation

length, Lp, excitons dissociation length.
The Laplace transform is expressed as followed: £[G(z,A] = % - pi
+y

The image of {Eq. (10)} is given by,

 _ spo)p Ly
- 2.2 2.2
D(L"p"-1) Dp(p+y)-(L"p°-1)

(16)

The original of {Eq. (16)}, solution of {Eqg. (10)} gives the excitons distribution
function in the original solar cell according to the residue theorem.
5 > oz [L®Sp(zg) L%
P(z0) =5 - 2.2, * B 2.2
D D@-L%%) 2D D (1-L%y%)

cosh(%) 17)

2.5 Generation and excitons dissociation into-tree-charge carriers

The photon absorption by an organic material generates in the majority of cases an
exciton of Frenkel-type. These excitons photo generated, not all of them can be
dissociated into-free carriers. In our numerical simulation, the field dependency of
charges generation is processed by the Onsager-Braun model which gives the
probability of electron-hole pair dissociation [36-39]:

P(E,T) = Ko (E.T)

KD(E,T)+ K|: (18)

KE, is the rate of charge transfer recombination and Kp is the dissociation rate of
a bound electron-hole pair:



Photogeneration and excitons distribution function inorganic bulk... 335

J1(24-2b(E,T))

J-2b(E,T)

3 Ug b?
= exp (- 1+b+ ...
3P (o ) [Le b2 h ]

4T1a BT

U

Kp(ET) = K exp (- —B
p(ET) R p( KBT)

3
411a (19)

where a, the electron-hole separation distance, Up, electron-hole pair binding

2 3
q A =

4Tlggera’ 8I1eger KZBTS,
the electric field, ¢, the dielectric constant of the material, g, spatial permittivity,

energy described as Ug = T, the temperature, E,

Kr = ﬂ(pn +pp), the bimoleculare recombination rate of Langevin and Jq is the
€

JE

Bessel function of order. 1 exp(—Kﬁ) is the efficiency of dissociation given
n B

e3

€gQ

Taking into account the disorder in the blend, a distribution of the excitons
probability having different separation distances have been incorporated into the
numerical simulations [37, 38]. As a result, {Eq. (18)} should be integrated over a
distribution of separation distances,

by Onsager-Braun [36, 37] where K =

P(QT.E) = [ P(zT.E).f(az)d (20)
Where, f(a,z) isanormalized distribution function given by,
2
4 2 Z
f(a,z2) = ——2z°exp| —— (21)
a3 /T L a2 ]

p(E,T,z) is the dissociation probability at a specific distance z |, an organic solar
cell. The procedure used for the numerical simulations has been described in detail by
[40].
2.6 Generation and excitons transport

Charge transport in the organic solar cells device is governed by the set of continuity
equations [21, 40-44],

an—(z)—div\]n z) = Gp —Rpn(2)

(22)
o .

% —divip z) = Gp - Rpp(2)

where n and p, electrons and holes density, J, et Jp, electrons and holes flux
density, G et Gp, charge carriers generation rate, J =q(Jp —Jp), the total current
density, Rpn and Ry p, electrons and holes recombinaison rate.

The charge carriers flux density is given by,
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In(2) = ~qunn(z) E(2) + iy KT on(z) / 02
In(2) = ~qupn(2) E(2) ~ up KT 8p(2) / o2

where E, electric field, upand py, the charge carriers mobility and the electric field

(23)

distribution E(z) is determined by the Poisson equation {Eq. (8)},
OE(z
B . 9 (n(z)-p(2)) (24)
0z €r.€Q
We denote by X(z) the volume density of geminate pairs and we express its rate of
charge as,
o0X(z)

3t G(z,t) +vpn — (Kgiss + Krec ) X(2) (25)

where (Kgijss), dissociation constant, (Kyec ), recombination constant, G(z,t), the
speed at which excitons reach interfaces and partially separated, (ypn), the speed at

which free electrons and holes are attracted to each other and recombine, y, Langevin
constant.

Boundary and initial conditions
n(z,0) = ng(z), p(z,0) = pg(z) and X(z,0) = Xg(z) are needed to
complete the model.

At the interface 0X /ot = 0, therefore on_9p_ 0
ot ot
The {Eq. (22)} and {Eq. (25)} become,
X(z) = tG+y1p(z)n(2) (26)
{ —divl, (z) = G, - R n(2)

—divlp(z) = Gp - Rpp(2) @7)

After substituting {Eq. (27)} into {Eg. (10)} and imposes to {Eq. (23)}, the

condition, 6”—(2) = 6p_(z) = 0 and % =0, we have,
z=0,L 0z z=0,L 0z
2
Dn‘9 Z” -—D”ép” +Rpn =0
0z L'y
2 (28)
b 0 PIO Dp .P R 0
— + p =
P 622 sz P

The Laplace transform gives the images of {Eq. (28)} for the electrons and holes

2 2
Xn:L”( Rpn+Y.Dp.pp 29)

Pn (l—2n pr21 -1)

2 2
L5\-Rpp + Y.Dp.
Xp = p( pP ppp) (30)

pp (L3 p3-1)
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The originals of {Eq. (29)} and {Eg. (30)} solution of {Eq. (28)} gives the
distribution function of the electrons and holes,

3
Pn(z)=RnnL%+i _Rnn+Sp(Zo)Dn cwoshl 2 1)

2 12 Ly

n
2 L Sp(z0)Dp ,
Pp(Z):Rppr.g.? ‘Rnp+—2 cosh L_ (32)
Lp p
The excitons distribution function in the cell is given by the relation,

P(z) = pn(2) +pp(2) 33)

Taking into account the absorption coefficients o and oy of the donor and

J

acceptor (aa_n #0 and a—p #0), the current density distribution function for the
z z

electrons J,, (z) and holes Jp(z) are given by,

SI-p . z
—+aolp - Y +sinh—
qogLlp(1-R)| { Dp Lp

Iy(2) = - 34
p(2) (G%L%_l) (SLp ] 0 (34)

—sinhi + coshi
p Lp Lp

(SLn z j
cosh— —+exp—o2z + ¢
_qopla(1-R)S L Dp Ln

J o - (35)
p 2.2 2bn
(of 15 - (SLn sinhncoshZJ
n Ln Ln
Where,
¢ =alpexp(-oy2)
¢ = sinh(iJ +aoLpexp(—oanz)
Ln
9 = (exp(~oq(z + Lp)) exp(—op L))
Y = exp(—aqz)] —— cosh| —
Dp Lp
The excitons photogenerated distribution function in the active layer is given by,

J(z) = d(1-R) xexp(-0g2) (1-exp(-agLp ——azLp)) (36)

3. RESULTS AND DISCUSSION
3.1 Excitons distribution function in the cell

Parameters used in the device model simulations; a=1.8 nm, electron-hole

separation distance in the CT state, Go=6><1027m_35_1, optical generation rate,
T=300K, the temperature, Eg=1.7eV, effective band gap of PsHT and 2.4 ev,
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effective band gap of PCBM, the mobilities of holes and electrons in PsHT:PCBM
(1:0.7 by weight) are 10°3cm?V-is? and 2:103- 4:5:10%cm?V1s?, ¢, =3.4, relative

dielectric constant, L=10nm, length diffusion, D=7.2x1020m? /s, constant
diffusion; Kg ~4x108, recombination rate and Kp ~4x107, dissociation rate,
1=6.2x107"s, effective lifetime, S=0.2cm?, device area, Iirr:IO:lOOmW/cmz,
Jsc=8.31 mAcm?, short circuit current density, V,.=0.58V, open circuit voltage,

Wpi=0.54, built-in voltage, Rq=12.38 Q.cm?, series resistance, Rp=176 kQ.cm?,
shunt resistance, FF=50.3%, fill factor, n=2.43% , power conversion efficiency and
the voltage applied to the cell is between -0.54V et 0:54V, L,=10nm, the electrons

diffusion length, Lp=1nm, the holes diffusion length, Gn=1.5x1027 m_3s_1, the

31

electrons generation rate, Gp=1.5x1027m , the holes generation rate,

Dy, =5.2x1072"m? ™, the electrons diffusion constant, D|O:2.6><10_7 m% L, the

holes diffusion constant, oy =ap =2 x10°cm™?, absorption coefficient of electrons and
holes, Lg=75cm, the excitons generation length, Lp=150cm , excitons dissociation

length and y=5x 10-3¢m09%70° , field dependent mobility parameter.

The figure 2 and figure 3 show the evolution of excitons distribution function as a
function of the organic layer thickness. They are obtained for Gy = 6x10%" m3s?, L=

10 nm, D=7.2x102 m?%s%, p(zg)=1and S=0.2 cm?. The figure 2 is obtained from

{Eq. (13)} after resolution of {Eq. (10)} where the excitons generation rate is constant
in the cell and the figure 3 is obtained from {Eq. (15)} after resolution of {Eq. (10)}
where the excitons generation rate is modeled by G(zg,A) = Gg exp (—az).

We first note that the distribution remains constant whatever the variation of the
organic thickness layer. Next, it decreases linearly with an abrupt variation of the
organic layer thickness.

This linear decreasing is due to the excitons loss mobility in the cell; there are drift
of charges. This factor can be attribute to the loss of free charge carriers at the
electrodes/organic (M/O) interfaces. It causes an increasing of the interfacial
dissociation rate and a diffusivity of the electron-hole pair at D/A interface. This result
has been obtained by Yang et al. [21].

The opposite phenomenon is observed on figure 3 where the excitons
photogenerated are dissociated normally at D/A interface for being collected at the
electrodes. When the mobility parameter of the excitons is considered, we obtained the
same results as shown in {Eq. (17)} that those obtained in the case of the figure 3.

Therefore, this result reveals that the mobility coefficient is not more important
parameter which influence the optoelectronic properties in the organic photovoltaic
devices. Which confirms the validity of our model.

3.2 Excitons generation rate distribution in the active layer

Considering the organic layer as an homogeneous material, the simulated results
show that the excitons generation rate decreases with the increasing of the active layer
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thickness as described in {Eq. (3)} which makes the corresponding average exciton
generation rate (total exciton generation rate divided by the thicknes) become smaller.

x10%

Excitons distribution function

0 05 1 15 2 z(nm) x10°

Fig. 3: Excitons distribution function as function of the organic layer thickness

However, when we took into account the excitons mobility, on remarked that, at the
initial stage, the average exciton generation rate increases with the increasing thickness
of the active layer as shown in figure 4. With the further increase of the active layer, the
average generation rate becomes larger and decreases very rapidly although other
photo-generation peaks appear in the active layer as shown in figure 5. This is because
the absolute values for the peaks become small, which leads to the corresponding
decrease of average exciton generation rate.

Exciton generation rate ( m3/s )

2 II 4  Total exciton generation rate e causnt e =
7 A Average exciton generation rate :
o i i H i
1] 50 100 150 200 250

Active layer thickness (nm )

Fig. 4: The calculated exciton generation rate in the active layer

Moreover, when the active layer thickness increases from 20 to 50 nm, the total
excitons generation rate increases from to 3x10% to 7.5x10?” m3s. This rate decreases
very slightly from 9x10%” to 8x10?” m3s? with the increasing of the active layer
between 70 and 130 nm and increases again with the further increase of the active layer.

Whereas we remarked the net increasing of average exciton generation rate between
9.5x10%" and 8x10%” m3s with the increasing of the active layer from 20 to 50 nm,
which decrease very rapidly and reaches a rate from 2.56x10%” m3s? with the further
increases of the active layer. As a result, when the active layer thickness increase, the
excitons generation rate increase.

This result reveals the increasing of the photons absorption rate and the excitons
mobility rate in the active layer. This result has been proved theoretically by De Falco et
al. [22] and experimentally predicted by Zhang et al. [20] considering the optical
interference effect in the active layer.
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3.3 Current density distribution function in the active layer

The figure 5 shows the current density Jgc distribution function of the excitons
photogenerated in the active layer. It represents the curve obtained from {(Eq. (36)}
after substituting {(Eq. (34)} and {(Eq. (35)} into {(Eq. (22)}.

The figure 6 revealed that, when the active thickness increases from 20 to 80 nm,
Jsc reaches its maximum value, and followed by a little decrease until 145 nm and
increases again until 225 nm and behaves wavelike. When the thickness increases
further, Jg¢ increases again. Which reveals that Jg. should be proportional to the total
exciton generation rate and all the excitons photo generated can be dissociated into free
charge carriers and then collected by the electrodes.

Moreover, when the active layer thickness increases, Jgc increases and

unfortunately, there is obvious deviation between our results and prediction. This
deviation is due to the low excitons dissociation probability rate into free charge carriers
with the increasing of the active layer thickness. These results have been obtained
experimentally by [26, 20]. Obviously, the assumption that the exciton-to-free-carrier
dissociation probability is unity is not totally correct.
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3.4 Distribution of internal quantum efficiency - Excitons dissociation probability

The figure 7 and 8 translated the internal quantum efficiency distibution ( IQE ) and
excitons dissociation probability respectively as a function of a specific distance z in
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the organic layer. When the electron-hole separation distance "a" increases, the
excitons dissociation probability decreases and the internal quantum efficiency increase
which considerably improves the current density in the cell. This result reveal, a feeble
Coulomb interaction between the electron and hole, a decreasing of the supplemental
strength for dissociate the excitons by heat-energy at ambient temperature, a low
exciton binding energy and a drop in internal electric field. In this work, a =0.92 nm as
shown in figure 8 gives a better excitons dissociation for a probability equal to unity and
for the values of "a" greater than 2 nm, the excitons dissociation into-free-charge
carriers is very feeble. Therefore the electron-hole separation distance is a key
parameter for an effective dissociation of the excitons at D/A interface.

We determined the distribution function of the excitons binding energy ( Uy ) and
external quantum efficiency ( EQE ) as a function of the photons absorption energy by
varying the electron-hole pair separation distance "a " (Fig. 9). The simulated results
reveal that when the photons energy increases, the binding energy decreases. This
behavior confirms the previous results as shown in figure 7 and figure 8. Furthermore,
the Coulomb attraction and the exchange energy dramatically depend on the separation
distance between electron and hole. Experimental results show that the exchanged
energy for the intramolecular excitonic states is around 0:7 eV [45]. For the cases of
polaron pair state and charge-transfer complex state, the situation would be different
mainly due to the electron hole pair separation distance.
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4. CONCLUSION AND OUTLOOK

We determined the excitons distribution function in an organic bulk heterojunction
solar cell ITO/PEDOT: PSS/rrPsHT: PC70BM (1: 0.7 weight ratio)/Yb/Al using the
Laplace transforms with the residue theorem. The influence of the electron-hole pair
separation distance on the excitons dissociation probability, the quantum efficiency of
charge carriers generation, the current density photo-generated and on the excitons
binding energy have been studied.

The simulated results indicate that the linear decreasing of the excitons generation
function is attributed to the loss of free charge carriers at the electrodes/organic (M/O)
interfaces. It causes the increasing of the interfacial dissociation rate and a diffusivity of
the electron-hole pair at D/A interface. We remarked that the total exciton generation
rate does not monotonous ly increases with the increasing of the active layer thickness,
but behaves wavelike which induces the corresponding variation of Jgc. The carrier

lifetimes also influence Jgc greatly. When the lifetimes of both electrons and holes are

long enough, dissociation probability plays an important role for the thick active layer.
Jsc - Behaves wave like with the variation of the active layer thickness. In addition the

excitons dissociation probability decreases exponentially when the electron-hole pair
separation distance increases and the internal quantum efficiency charge generation
monotonously increases.

Our results are in agreement with those predicted by the literature. Moreover, the
phenomena of charge generation and the excitons dissociation into-free-charge carriers
are important processes in organic bulk heterojunction solar cells. The potential
improvement of the internal quantum density of charge generation depends on the
exciton dissociation probability into-free-charge carriers and strongly depends on the
photons optical absorption.

Future work can be about (i) extensions to the model; (ii) improvement of the
analytical results and (iii) the model study as a stochastic processes using Fokker Planck
equations.
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