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The work presents a model of light intensity dependence of short-circuit current for a bilayer organic sys-
tem. The model is based on the assumption of a uniform electric field in both organic layers and it con-
cerns a bimolecular and monomolecular recombination of charge carriers at a heterojunction interface.

PACS: The comparison between theoretical calculations and experimental results carried out on the system
73.20.—r formed from copper phthalocyanine or bormophosphorus phthaocyanine and perylene dye is presented
73.40.Lq in the work. A good correlation between theoretical and experimental results has been achieved.
72.80.Le © 2008 Elsevier B.V. All rights reserved.
Keyword:

Deviees

1. Introduction

An analysis of short-circuit current density dependence on light
intensity (js(Ip)) is often used to study the influence of transport
processes and recombination of charge carriers on the performance
of organic photovoltaic systems [1,2]. Within a typical range of
light intensity the relation is linear or sublinear. The linear depen-
dence of jsc/(IR) is observed when recombination of charge carriers
is negligible or monomolecular recombination dominates, e.g. [3-
9]. The existence of sublinear dependence ofjscg\lp\) indicates the
presence of bimolecular recombination or it can result from the
influence of space charge on charge transport through a system
[10-15]. These conclusions concern both the systems with bulk
heterojunctions [5,12-15] and the systems with planar heterojunc-
tions (e.g. bilayer devices) [3,4,7-11] and they have been derived
from different theoretical models of the photovoltaic effect. The
models are performed mainly as numerical solutions of a set of
equations including equations describing distributions of light
and excitons, the continuum equation, the transport equation
and the Poisson equation [12,16-22]. In particular, the dependence
of js(Ip) addressed to samples with bulk heterojunction is dis-
cussed in the works [12,16,19,21].

This work presents a simple analytical description of a short-
circuit current as a function of light intensity for bilayer photovol-
taic cells (E1/01/05/E,) (Fig. 1). The system taken into consideration
consists of two organic layers, O; and O,, forming a planar hetero-
junction O1/0, and electrodes, E; and E,. At short circuit, the elec-

E-mail address: ryszard@mif.pg.gda.pl

0022-3093/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2008.06.076

trode Fermi levels are aligned, corresponding to an internal field
that will sweep charge carriers at the heterojunction towards the
electrodes [1,2,17]. A photogeneration of charge carriers in such
a system is a result of an exciton dissociation at the O,/0, interface.
Electrons and holes are separated. Consequently there is only elec-
tron current in one organic layer (e-layer) and only hole current in
the other layer (h-layer). It means that generation and recombina-
tion of charge carriers may occur only in a very thin region near the
0,/0, interface. Taking into account a constant-field approxima-
tion for the system of two organic layers, a simple expression
describing the jg. E\Ip\) relationship has been derived. This theoretical
result is compared with the results obtained experimentally on the
system formed from copper phthalocyanine (CuPc) or bromophos-
phorus phthalocyanine (PBrPc) and perylene dye (MePTCDI).

2. Model

Fig. 1 shows an energy-level diagram of the analyzed system at a
short-circuit mode. Dissociation of an exciton (eks) excited, for in-
stance, in the h-layer is also sketched. Bands transporting electrons
(ETB) and holes (HTB) are shown as straight lines, accordingly to the
assumption that in each organic layer the electric field is uniform.
This assumption is true at a,respeetively; low current density and
low concentration of charge carrier traps. Moreover, it is assumed
that the effect of a non-uniform electric field occurring in the thin
near-electrode regions is negligible. Our model is based on a con-
stant-field approximation suggested for a mono-layer system in
the work [23] as well as on some proposals for an analysis of bilayer
devices presented in the works [7,17,18,24].

Please cite this article in press as: R. Signerski, J. Non-Cryst. Solids (2008), doi:10.1016/j.jnoncrysol.2008.06.076
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//}y |
o |

E, I O, O I
(e-layer)

(h-layer)

Fig. 1. Energy-level diagram of a bilayer system at short circuit and interfacial
exciton dissociation. Er - Fermi energy of electrodes, E;, E; - electrodes,
0, - electron transporting layer (e-layer) of d. thickness, O, - hole transporting
layer (h-layer) of d;, thickness, ETB., ETB, and HTB,, HTB}, - electron and hole
transporting bands in e-layer and h-layer.

Let us start our consideration with the e-layer. The electron cur-
rent flowing through this layer is described by the following
equation:

. do,(x dn(x) .
= et 99N e i (1)

where /i, - electron mobility, 1(x) - concentration of electrons at ¥,
¢¢(x) - electric potential at ¥, e - elementary charge, k - Boltzmann
constant, T - temperature.

Solving this equation with respect to n(x) with two pairs of
boundary conditions: N(x=0)=ny n(x= d,) = Mih for j=0 and
n(x=0)= ny, n(x=dy,)=n; for j=js and remembering that
doe) _"const, {t is easil in: 74
&= , y to obtain:

j = Njtn +Jscles (2)

where Myeh Tj = concentrations of electrons in the O;/O, heterojunc-
tion either in thermal equilibrium}\n}-(h) or in the presence of current
Jsc (n;),and

D) -
< e:ueube '
in which
kT | ng
Upe = o nﬁ, (4)

is the built-in potential for the e-layer and ng is concentration of
electrons at the electrode (E;).

The same attitude to the h-layer leads to the following
relations:

Dj = Pjn +jscah= (5)
a1 -eol-%] .
a, = ,
" ety Upn
kT . p
Upp = — In=4 7
bh =5 Din (7)

with Py Bj = concentrations of holes in the junction 0,/O, in ther-
mal equilibrium (pj,;,) or in the presence of current js (p;), un — hole
mobility, ps - concentration of holes at the electrode (E;), Upn —
built-in potential for h-layer.

il
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Fig. 2. The electron processes at 0;/0, heterojunction: ETB, - electron transporting
band of the e-layer (O;), HTB, - hole transporting band of the h-layer (0O,):
(1) dissociation of bound electron-hole pair generated thermally or by excitons,
(2) recombination of free carriers, (3) electron trapping, (4) recombination of a

trapped electron and a free hole, (5) hole trapping, and (6) recombination of a
trapped hole and a free electron.

We assume also that concentrations of charge carriers at elec-
trodes, np and pq, do not depend on light intensity (ohmic
contacts).

In further analysis let us consider processes of charge carrier
generation and recombination operating at the O;/O, interface,
within the region of a small width in comparison to the thickness
of organic layers. We consider only processes indicated in Fig. 2.
Process 1 means the dissociation of a bound electron-hole pair gen-
erated either by exciton (the photogeneration) or by thermal exci-
tation (the thermal generation). Process 2 refers to a recombination
of free charge carriers. The processes denoted as 3, 4, 5, 6 occur
when electron- or hole-trapping states participate. Here, it is as-
sumed that the concentration of these states is much higher than
the concentration of trapped charge carriers. Equations describing
these processes (in the steady state) are as follows:

opPTy — keeltj = 0, (8)
onpy — kenpj = 0, 9)
Gox = Gon = Sy = Syl = 5, (10)

in which nrj\and py_are concentrations of trapped electrons and
trapped holes, G, denotes the rate of thermal generation, Gey is the
rate of photogeneration, ap, oy, o are the rate constants of recombi-
nation (free hole-trapped electron, free electron-trapped hole and
free electron-free hole, respectively), ki, ke are the rate constants
of electron trapping and of hole trapping, b is the heterojunction
region thickness.

The substitution of (8) and (9) into (10) leads to the g\xpression

Gex + Gin — kinp; — kientj — opjn; = ]eilc)’ (11)
Solving the set of Egs. (2), (5), (11) we obtain the following relation:
Jse(Mse +8) =Jg» (12)
in which

Jc = ebGey, (13)
is the of photogeneration current density,and

r = eboa.ay, (14)
t =1+ eb|ac(apj, + Kie) + an (0N + ken) . (15)

The rate of charge-carrier photogeneration, Gex, depends on the flux
of excitons at the interface. Therefore, without going into details of
processes of exciton dissociation and separation of charge carriers
[17,20], it can be generally assumed that it is proportional to light
intensity, Gex ~ Iy [25]. It enables us to write down the expression
(13) in the fo/ﬁov/v\mg form:
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Jo = dlo, (16)

where coefficient ¢ means average charge generated by one inci-
dent photon.

The relations presented above explicitly indicate that we can ob-
tain high values of j;. for small values of the r and ¢ parameters, i.e.
for small values of rate constants of recombination (o) and trapping

Lkte, ken), for small thermal concentration of pyg, 1y, in heterojunc-
tion, and small values of a. and ay,, so consequently for high values
of built-in potential Uy and Uy, (i.e. high charge carrier concentra-
tions at electrodes g, pa x ohmic contacts), and for high values of
charge carrier mobilities p, in. Obviously the layer thickness of de
and dy, should be submitted to gptimization since they affect not
only a. and ay, but also the g parameter [22,25].

We can also notice that for high values of I, (also high values of
Jsc) the dependence of js (Iy) is determined by bimolecular recom-
bination (via the rate constant « in the expression (14)), while indi-
rect recombination (i.e. via trapping states) can limit the value of jy.
also at the range of small light intensity (when the rate constants
ke, ke are high as it is in the case of high concentration of states
trapping charge carriers). Fig. 3 presents examples of j. (Io) illus-
trating these remarks. Calculations have been performed for a sym-
metric system, i.e. with the same values of parameters for e-layer
and h-layer at room temperature. We have taken the following val-
ues: de=dy=1001nm, fie = in =10 cm?/(Vs), ng = pg=10"° cm >,
Mign = Do = 10" cm™>, Upe = Upp = 0.35 V, b =2 nm (i.e. two molecu-
lar layers located on both sides of the interface of heterojunction)
q=9.6 x 10721 C (i.e. 0.06 e). The abovementioned values of the
charge carriers concentrations at electrodes (1, pa) and at hetero-
junction (1, pin) can occur for electrode barriers about 0.2-0.3 eV
and for energy gap between ETB. and HTBy, levels about 1 eV.

This is for example the case of the ITO/phthalocyanine/perylene
dye/Ag system.

It is worth noticing that the range of values of parameters,
which can be accepted in calculations, is quite broad. For instance,
typical values of charge carrier mobilities in organic material layers
lie in the range of 10771072 cm?/(Vs) [26-30]. On the other hand,
there are no experimental data about the rate constant of charge
carrier recombination at heterojunction interface in a bilayer sys-
tem. Therefore, in our work, this parameter is treated as free
[21]. The particular values of rate constants of bimolecular recom-
bination /@c) and trapping ;\kte. ki) are presented in the caption of
Fig. 3. It is worth adding also that if the charge carrier mobility

1073
104
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10°°
10710
10"

J_[A/em?]
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b BRALLL IR BLALL AL BLALL ELELL I R |
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o E
-
>
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07 107 10" 10 10® 107

-2 -1
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Fig. 3. Light intensity dependences of short-circuit current calculated for different
values of rate constant of recombination (o) and trapping (Kee, ken): (1)j¢ = qly, =0,
kee = ken = 0, 27374 — kee =ken =0, (2) 2 =10 cm?s™", (3) x=108cm?s 7", (4) o =
107 em®s™ !, (5) =108 cm3 s, ke = ke =10%571, (6) o0 =107 cm? s, ke = kep =
10’s ' and (7) x=10"7"cm®s !, kee = ken = 108 s 1.

in organic layers is of the magnitude of 103 cm?/(Vs) or higher,
then (at unchanged values of other parameters) in the whole con-
sidered range of light intensity the relation js. ({z) will be not deter-
mined by the charge carrier recombination and trapping (i.e.

J BN Jje)-
3. Comparison with experimental data

In order to make a comparison between the model and experi-
mental results we have performed investigations on two systems:
ITO/copper phthalocyanine (CuPc)/MePTCDI/Ag and ITO/bromo-
phosphorus phthalocyanine (PBrPc)/MePTCDI/Ag, where MePTCDI
denotes N,N'-dimethylperylene-3,4,9,10-biscarboximide. The sys-
tem including the CuPc/MePTCDI heterojunction has been investi-
gated also by other researchers (e.g. [14]), while the system with
the heterojunction of PBrPc/MePTCDI has not been investigated
yet. Preparation conditions of samples and measurement equip-
ment have been the same as in the work [7]. The thickness of layers
in the systems have been as follows: 35 nm of ITO, 50 nm of phtha-
locyanine, 80 nm of perylene dye, 40 nm of Ag. The samples have
been illuminated through the ITO with monochromatic light (weak
absorbed by phthalocyanine and strong absorbed by MePTCDI) of
/. =460 nm for the system with CuPc and / = 570 nm for the system
with PBrPc.

The measurements of spectral characteristics of short-circuit
current exhibit that, like in other bilayer systems, charge carriers
are generated near the interface of organic materials.

In our systems, phthalocyanines constitute an h-layer, while
MePTCDI - an e-layer.

Fig. 4 compares the experimental and calculated dependence of
Jslp)- The points have been obtained experimentally, while solid
lines constitute the solution of Eq. (12) written in the form

jsc(jsc + U) = (,0107 (17)
with parameters u and ¢ defined by the relation (18)/\

_t _4
U= and p=7 (18)

The values of these parameters yield: u=5.9 x 107> A/cm?, and ¢ =
4.85 x 1072° A% s/cm? for the system with CuPc, and u=7.6 x 107®
Ajcm* and ¢ =485 x 107*%A%s/cm® for the system with PBrPc.
Smaller values of u and ¢ in the case of the system with bromophos-
phorus phthalocyanine result probably from a higher value of r (and
consequently from a higher value of the bimolecular rate constant of
recombination ;ji) and a smaller value of q for this system in compar-

10* F
105 f  ITO/CuPc/MePTCDI/Ag
F A =460 nm
& 100 F \
IS E
©o [
< 107 F
_)8 :
10® F ITO/PBrPc/MePTCDT/Ag
' A =570 nm

10°° "

10—10:...1 PEPIRTTTY PR RTI BRI T EEPEPATTTTY EEPErArTrITT B
1011 1012 1013 1014 1015 1016

-2 1
I, [cm™s ]

Fig. 4. Experimental (points) and calculated (solid lines) light intensity depen-
dences of short-circuit current for ITO/CuPc/MePTCDI/Ag and ITO/PBrPc/MePTCDI/
Ag systems.
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ison to the system with copper phthalocyanine. It can be noticed that
for the set of curves in Fig. 3 the u parameter takes a value from the
range 9.6 x 1077 Ajem?<1.1 x 10~* A/cm?, while the ¢ parameter
from the range 9.2 x 10727A% s/cm?59.2 x 102> A% s/cm?. As cab
be seen, the values of u and ¢ parameters characterizing the experi-
mental results are located within these ranges.

4. Conclusion

The model of a bilayer organic photovoltaic system at the short-
circuit mode presented in the work permits obtaining a simple
analytical relation between short-circuit current density and light
intensity as well as it rationalizes the influence of such parameters
as charge carrier concentration at electrodes and at heterojunction,
mobilities of charge carriers and rate constant of charge carrier
recombination on this relation. The obtained good correlations be-
tween experimental curves of js (Ip) for the systems with CuPc/
MePTCDI and PBrPc/MePTCDI heterojunctions and calculation re-
sults indicate the possibility to apply this model to an analysis of
the photovoltaic effect in bilayer systems. The model can be easily
modified if we want to consider other generation-recombination
processes in heterojunction.
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