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Abstract We report on a methodology for optical and electrical modeling of dye-sensitized solar cells (DSSCs).
In order to take into account the scattering process, the optical model is based on the determination of the effective
permittivity of the mixture and the scattering coefficient using Mie and Bruggeman theories, considering spherical
particles. Then, from the radiative transfer equation, the optical generation rate of cell is deduced. From the
presented model, the dependence effects of the nanoparticles size upon the extinction coefficient and the optical
generation rate are evidenced. Thus, we noticed that the extinction coefficient decreases with the increase of the
TiO2 nanoparticles and vanishes when the wavelengths increases in the visible spectrum. A significant uniformity of
the absorption for radius smaller than 10 nm is observed, however at a radius about 80 nm, we observe a nonuniformity. The simulated results based on this model are in good agreement with the experimental results.
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1. Introduction
Dye sensitized solar cells (DSSCs) are seen as an
alternative to conventional solar cells and have been
widely studied in recent years [1,2,3]. A DSSC is a
mixture of nanostructured thin films, a sensitizer and an
electrolyte containing the mediator sandwiched between
two electrodes: a transparent conductive oxide as a
transparent anode and a counter electrode as a cathode,
such DSSC is depicted in Figure 1.

The efficiency of the dye absorption is one of the
paramount parameters that determine the cell performance.
Accordingly, the peculiar composition of the photoactive
layer, makes it very complicate to establish an
optoelectronic model for the DSSCs. Indeed, it is
composed of a mixture of three components (titanium
dioxide (TiO2), dye molecules and the electrolyte in which
tri-iodide ions are immerged) which could raise
homogeneity problems.
Nevertheless, various optical [7,8], electrical [9-18] and
optoelectronic [19,20] models have been developed. But,
one can notice that various phenomena such as molecular
processes for the excitation of the dye, injection within the
titanium dioxide and recombination of charges in the dye,
cannot be simulated as it have been done for the
conventional silicon solar cells [4]. In this paper, an
optical model of dye-sensitized solar cell will be presented,
putting a focus on the accurate description of the optics in
the photoactive layer (by applying Bruggeman's theory,
Mie's Theory and radiative transfer equations). The
influence of the TiO2 radius is also studied.

2. Computational Method

Figure 1. Structure of the Dye sensitized solar cell

The model considered is depicted in Figure 2. Thus, our
study is essentially limited to the photoactive layer
sandwiched between the two electrodes. The photoactive
layer is a mixture of Titanium dioxide (TiO2), a dye
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(Z907), a mediator and an electrolyte I − / I3− . For the
calculation of the effective permittivity, we use the same
approach as that used in our previous paper [21].
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dI c ( x)
= ( K + S ) I c ( x)
dx

(7)

dJ c ( x)
=
−( K + S ) J c ( x).
dx

(8)

dI d ( x)
= γ KI d ( x) + γ (1 − ζ ) SI d ( x)
dx
− γ (1 − ζ ) SJ d ( x)

(9)

− ζ SI c ( x) − (1 − ζ ) SJ c ( x)
dJ d ( x)
=
−γ KJ d ( x) − γ (1 − ζ ) SJ d ( x)
dx
+ γ (1 − ζ ) SI d ( x)

(10)

+ (1 − ζ ) SI c ( x) + ζ xI c ( x)
Figure 2. Schematic of the cell

Firstly, we calculate the scattering cross sections and
absorption through the Mie theory in the case of a monodispersed nanoparticle size. Our medium is composed of
three compounds; we calculate the scattering cross
sections for the nanostructured thin films (TiO2 here) and
electrolyte / mediator. The particle sizes of dyes are low
[7], therefore they do not participate in the scattering
process. Then macroscopic scattering and absorption
coefficient s and k will be calculated for each compound,
using the following equations.
si = nsca,iσ sca,i
(1)

k j = nabs, jσ abs , j

(2)

Where i = electrolyte/mediator or TiO2; j = TiO2 or dye or
electrolyte /mediator. The particle density of the
electrolytic/ mediator will be given by the equation:

P
(3)
1− P
The hypothesis we making here is to consider the
TIO2/Dye as one particle. Since the diffusion of the dyes
particles is very low we consider that the particle
(TiO2/Dye) have the same dimensions as the simple TiO2
particle [7]. On the other hands since the TiO2 particle
doesn't absorb we consider also that the absorption of the
particle (TiO2/Dye is just coming from the simple dye
particle Therefore we have:
N dye = NTiO2
(4)
N electrolyte / mediator
= NTiO2 ×

With P the porosity.
Then:
=
K kdye + kelectrolyte / mediator

=
S sTiO2 + selectrolyte / mediator .

(5)
(6)

Afterwards the macroscopic coefficients K and S are
used to calculate the collimated flux (Ic and Jc) and
diffused flux (Id and Jd). Basically, the approximation of
the radiative transfer equation are done using four flux [22]
and the equations are given by (equations: 7-10). These
different flux are illustrated in Figure 3. In fact, the
variation of the flows in the medium with an infinitesimal
value of the thickness dx can be established using the
equilibrium between the scattering and the absorption
energy in forward and backward.

Figure 3. Schema of the cell with different flux

The factor γ is the equivalent path length for the diffuse
flux which ranges from 1 for collimated light to 2 for
isotropic scattered light [23]. Thus, the analytical
expression of the forward scattering ratio (ζ) is obtained
from C. Rozé et al. analysis [24].
The four flux Ic, Id, Jc and Jd included in the previous
equations, (7), (8), (9) and (10) are determined by taking
into account the following boundary conditions.
At the Glass/Mixed zone: x=a

I c (a) =
(1 − rc ) I ca + rc J c (a)

(11)

I d (a) =
(1 − rd ) I da + rd J d (a)

(12)

where 𝑟𝑟𝑐𝑐 , 𝑟𝑟𝑑𝑑 , 𝑟𝑟𝑐𝑐𝑏𝑏 , 𝑟𝑟𝑑𝑑𝑏𝑏 the reflective coefficient of collimated
beam, the reflective coefficient of radiation diffuse beam,
the reflective coefficient of collimated beam at the back,
the reflective coefficient of radiation diffuse beam at back
side respectively.
𝐼𝐼𝑐𝑐𝑎𝑎 and 𝐼𝐼𝑑𝑑𝑎𝑎 are the incident collimated flux and the
incident diffuse flux at the interface x=a. 𝐼𝐼𝑐𝑐𝑎𝑎 can be
determined by taking into account the interference effects
at the glass/mixed zone and air/glass interfaces and is
given as:

I ca =

(1 − rcb ) I
0
1 − ( rcb rc )

(13)

In fact, 𝐼𝐼𝑑𝑑𝑎𝑎 is equal to zero and 𝐼𝐼0 is the incoming light.
At the Mixed zone/Glass: x=0
By considering the reflection effects at the air/glass and
the glass/mixed interfaces the following conditions can be
established:
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(

)

 r 1 − 2r b + r b 
c
c
c 
J c (0) = 
I (0)

 c
1 − rc rcb



(14)

 r b (1 − 2rd ) + rdi
J d (0) =  d

1 − rdb rd

(15)


 I d (0)


Where:

r=
c rd=

b
b
rc=
rd=

n medium − n air
n medium + n air

2

n electrolyte − n air
n electrolyte + n air

(16)
2

(17)

Where n medium is determined using bruggeman theory.
Thus, the local optical absorption rate per unit volume
[8] can be established using the expression below:
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coefficient decreases. The reason is that, when the radius
increases, the absorption decreases because of the
disappearance of the surface absorption effects [8].
In Figure 5 is depicted the effective extinction coefficient
of the mixture {TiO2+dye (Z907)+electrolyte+mediator}
within the photoactive layer as function of the wavelength
from 400-800 nm for different TiO2 nanoparticles radius
ranging from 10 and 20 nm. Compared to the results
obtained in figure 4, the intensity of the extinction
coefficient presented in figure 5 decreases when the size
of TiO2 nanoparticles increases. Three areas are identified:
400 nm to 450 nm, 450 nm to 600 nm and 600 nm to 800
nm. Except the wavelength region between 400 nm and
450 nm, where we observe a behavior similar to that of the
mediator, the trend of the mixture is the same for the two
other regions and completely different from the trend of
the mediator. Such observed behavior on {TiO2+dye
(Z907)+electrolyte+mediator} mixture on the first region
is due to the absorbance of the mediator which happens
only between 400 nm and 450 nm.

g ( x) = KI c ( x) + KJ c ( x) + γ KI d ( x) + γ KJ d ( x). (18)
Hence, the optical photons absorption rate is deduced
from g(x) [25], and is expressed as:

Ga ( x) =

g ( x)
hc

(19)

λ
And Gdye is deduced by:

Gdye (λ , x) =

α dye
α medium

Gmedium (λ , x)

(20)

Finally, the optical photo-generation rate of the DSSC
is given by:

=
G ( x) Gdye (λ , x) ×η

(21)

where η being the injection rate of electrons.

Figure 4. Extinction coefficient of photo-active layer (mixture TiO2 +
Z907) as a function of wavelength for different radii of the TiO2 particle

3. Results and Discussion
The analytical model presented above is validated with
experimental data reported in the literature (Cf section D)
[18]. After calculating the analytical new expressions
presented in the previous section, a numeric based code
program implemented by the commercial package Matlab
software is established. Basically, numerical results are
presented and discussed in this section. Thus, the
macroscopic parameters such as the extinction coefficient,
the four flux and the optical generation rate of the DSSC
in term of various phenomenological parameters such as
the wavelength of the incoming light, the TiO2
nanoparticles radius, the depth of the photoactive layer are
depicted.

3.1. The Extinction Coefficient of the Mixture
Material within the Photoactive Layer
The Figure 4 shows the extinction coefficient of the
TiO2-dye (Z907) as a function of the wavelength for
different TiO2 nanoparticles radius ranging from 10 and
20 nm. All the obtained spectrums show the same trend,
however, when the radius increases, the extinction

Figure 5. Extinction coefficient of photo-active layer (mixture TiO2 +
Z907+acétonitrile-I-/I3-) as a function of wavelength for different radii of
the TiO2 particle

3.2. Scattering of Multiple Particles
The values of the 4 flux Ic, Jc, Id and Jd can be
calculated as function of the depth of the cell, from the
diffusion coefficients, the macroscopic absorption, the
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forward scattering ratio and the equivalent path length.
Figure 6 shows the flux as function of the cell depth. One
can see that for small radius, Ic decreases slightly and
much part of flux reaches the edge of the cell. This is due
to the small extinction and diffusion coefficient for small
radius. The others flux are very small compared to the Ic
flux for 10 nm. This phenomenon became different with
radius ranging from 20 nm to 40 nm, where Ic rapidly
decreases, while Id increases in the first half of the cell.
Therefore the light reaching the edge of the cell is spread.
Jd has also a large value like Id. This due to the small
increase in the diffusion coefficient. For much larger
radius (80 nm), Ic rapidly decreases, while Id increases
right at the edge before rapidly decreasing too. Because of
the high diffusion of the molecules with larger radius,
only a small part of the flux touches the edge of the cell.
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3.3. Determination of the Generation Rate
Figure 7a shows, the generation rate of the photoactive
layer depending on the depth of the mixed. In this figure,
we compare our model and that of Wenger et al. [19]. We
can see that our results are in the same range of values
than those calculated by Wenger et al. [19].
Figure 7b shows the generation rate of the photoactive
layer as a function of depth and for different radius. It
seems that for low radius the absorption is fairly
homogeneous, as the scattering of light is low, as shown
in Figure 6a, the intensity of the collimated light is almost
constant. More the radius increases more scattering
increases, which cause an increase of diffusion flux and a
decrease of the collimated flux. Such behavior makes the
major part of the intensity being absorbed at the edge of
the cell, because of the process of scattering and extinction.

Figure 6. Collimated flux (Ic, Jc) and diffuse flux (Id, Jd), for different radii of TiO2 (a − 10nm, b − 20nm, c − 40nm, d- 80nm) particle I0=1000W m–2

Figure 7. Generation rate of photo active layer as a function of the cell depth (a: comparison between our model and Sophie Wenger results, b: for
different radii of TiO2)
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4. Conclusion
Our model allows us to see the influence of the
nanoparticle size of TiO2 on the effective extinction
coefficient of the mixture. The influence of the
nanoparticle size of TiO2 on the generation rate was
demonstrated. This study allowed seeing that for the small
radius, the generation rate is homogeneous. When radius
increases, almost all the light is absorbed at the edge of the
cell. Our results are in agreement with those in the
literature. However, this model shows limitations: the
porosity is fixed, the nanoparticles are not ideally
spherical and same size, and the difference between the
reflected coefficient diffused and collimated could be
taken into account for better precision.
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