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Optical and Electrical Modeling of Nanocrystalline Solar Cells

A photovoltage loss stems from the following two 
driving forces: the electron injection from a dye-
excited state into the TiO2 conduction band, and 
the dye regeneration by redox species.

A typical dye-sensitized solar cell is 
composed of
1- a nanocrystalline titanium dioxide (TiO2) 
film
2- dye-sensitizers,
3- an electrolyte, 
4-a transparent conductive substrate, 
5-and a counter electrode

This chapter focuses on theoretical modeling of nanocrystalline semi-conductor films



93

By: Dr. Jabbari

Solar Cells-

2

a straightforward  method  of  conventional  device  modeling  is  applicable,  
dividing  the electrode into spatial finite elements and formulating the Poisson 
and current equations.

required huge memory and a long computing time.

To avoid              , a mean-field expression, such as a pseudo-homogeneous
Approximation  in a macroscopic electrical simulation of the dye-sensitized electrode

History of the simulations

1- Södergren et al in 1994
-model for photoelectron transport in a bare TiO2 porous 

film, 
-applied to current–voltage characteristics simulations
of a dye-sensitized solar cell. 
-Neglecting redox species in the electrolyte, they modeled 
only electron transport in the semiconductor matrix.
In addition, they treated the nanoporous electrode as an 

apparent continuum. As a result, an analytical formula was 
provided
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2-Advanced models that consider redox species in the electrolyte were presented 

by Usami and Ferber et al. by adopting the pseudo-homogeneous approximation to 
the semiconductor.

http://upload.wikimedia.org/wikipedia/commons/c/cb/Redox_orga.png
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http://fa.wikipedia.org/wiki/%D8%B2%D8%A8%D8%A7%D9%86_%D8%A7%D9%86%DA%AF%D9%84%DB%8C%D8%B3%DB%8C
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http://fa.wikipedia.org/wiki/%D8%B9%D8%AF%D8%AF_%D8%A7%DA%A9%D8%B3%D8%A7%DB%8C%D8%B4
http://fa.wikipedia.org/wiki/%DA%A9%D8%B1%D8%A8%D9%86
http://fa.wikipedia.org/wiki/%DA%A9%D8%B1%D8%A8%D9%86_%D8%AF%DB%8C%E2%80%8C%D8%A7%DA%A9%D8%B3%DB%8C%D8%AF
http://fa.wikipedia.org/wiki/%D9%85%D8%AA%D8%A7%D9%86
http://fa.wikipedia.org/wiki/%D8%A8%D8%AF%D9%86_%D8%A7%D9%86%D8%B3%D8%A7%D9%86
http://fa.wikipedia.org/wiki/%D8%A7%D9%84%DA%A9%D8%AA%D8%B1%D9%88%D9%86
http://fa.wikipedia.org/wiki/%D9%85%D9%88%D9%84%DA%A9%D9%88%D9%84
http://fa.wikipedia.org/wiki/%DB%8C%D9%88%D9%86
http://fa.wikipedia.org/wiki/%D8%A7%D8%AA%D9%85
http://fa.wikipedia.org/wiki/%D9%85%D9%88%D9%84%DA%A9%D9%88%D9%84
http://fa.wikipedia.org/wiki/%D8%A7%D9%84%DA%A9%D8%AA%D8%B1%D9%88%D9%86
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Unfortunately, there are some simulations to which this approximation is
inapplicable, that is, photoelectron random walk involving trapping/detrapping
processes in nanoparticles.

However a numerical simulation with a computer is necessary.

Especially, influences of the particle necking 
and coordinating number on the electron 
transport cannot be simulated without going 
into the geometric details of the porous 
photoelectrode.

Monte Carlo methods 
based
on the continuous-time 
random walk (CTRW)

multiple trapping (MT) 

These simulations follow traces of electrons walking in an 
imaginary trap lattice created in a computer program with 
random numbers

Monte Carlo simulations also have been applied to analyses 
of electron recombination dynamics, and satisfactory 
agreement with experimental data



93

By: Dr. Jabbari

Solar Cells-

6

The first simulation of light transmission in the nanocrystalline electrode 
considered multiple scattering effects, independent scattering was assumed

In this chapter:
optical modeling of nanocrystalline TiO2 films and application of light scattering

first, an equivalent circuit;
second, Monte Carlo  simulations  of  photoelectron  transport  in  nanocrystalline

articles;
third, formulation of differential equations expressing transport of electrons and redox

species in the solar cells, and numerical solutions of these equations
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For a film consisting of randomly distributing small particles, the simplest scattering model is 
the independent scattering model. 

The scattering rate a for the simplest model has been already presented
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R is the specular reflectance on the film surface and d the film thickness.

Consequently

However, for dense media, the scattering rate evaluated with this literal independent 
scattering model is much greater than experimental results.

Annealing in the film preparation makes the particles interconnected, 
and the charges can transport between the electrodes
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Practically, a nanocrystalline film          powder=P25    =    50 nm diameter

In a dye-sensitized solar cell, a nanocrystalline film is the photoactive electrode

Light scattering
in the photoactive electrode light absorption because

optical length 

optical confinement

The optical length depends on the paths of photons in the film.

If photons are scattered in the film, the photons feel the film thicker than d; 
because of this increase of the optical length,

Without scattering

Optical confinement is also expected; because of a large average refractive index 
of the TiO2 nanocrystalline film

And
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Although the scattering intensity increases in proportion to the 
particle diameter for the Rayleigh scattering

The ray-tracing Monte Carlo simulation has been widely applied to analyses of light 
transmission in a living body in infrared (IR) spectroscopy, such as the optical computer 
tomography [30]. 

Since a living body is also a strong light scattering medium, the same method is applicable to 
analyses of the light scattering in the nanocrystalline electrode.

A scattering medium is 
characterized by the following 
parameters:
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For simplicity, we assume a homogeneous medium and monochromatic light.

probability that a photon getting into the medium is transmitted without scattering or 
absorption through a length, l 

transmission length, L
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And numerical analyses based on differential equations
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is  based  on  the Butler–Volmer equation 
because the recombination takes place at the 
semiconductor/electrolyte interface

Ideality factors in dye-sensitized solar cells= 2.0 

van  de  Lagemaat et  al explained  an  ideality factor of 1.0 by a barrier at the TCO/TiO2 
interface
and an ideality factor of 2.0  by  the  electron  transfer  across  the  TiO2/electrolyte  interface,

Rau et al. [42] expressed the equivalent circuit as a  series  connection  of  two  diodes. 
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A disadvantage of the equivalent circuit is that the relation between the model and the 
energy conversion processes is unclear. 
Recent progress of fundamental  studies  on the  ideality  factor  described  above makes this 
disadvantage less important.

For dye-sensitized solar cells, a trace of a photoelectron in a nanoparticle or a nanocrystalline
film has been simulated with random numbers.
With the Monte Carlo simulation, dynamics of the electron diffusion and recombination has 

been studied;
static properties, such as the current–voltage characteristics, are not usually fit for the Monte 

Carlo simulation. 

In trap-dotting materials, electron transport has been explained by the following two  models: 
continuous-time random walk (CTRW) or the multiple trapping (MT). 
While  MT  explicitly  considers  a  difference between electrons transported in the conduction 
band and electrons localized in the trap levels, 
the difference is unclear in CTRW.



93

By: Dr. Jabbari

Solar Cells-

15



93

By: Dr. Jabbari

Solar Cells-

16



93

By: Dr. Jabbari

Solar Cells-

17



93

By: Dr. Jabbari

Solar Cells-

18

In conventional solar cells based on a solid p–n junction, solar cell performance has been 
analyzed with computer simulation programs, such as “PC-1D”

However, photogenerated charge carriers in a dye-sensitized solar cell have a different 
spatial distribution from those in the conventional solar cells. 

PC-1D cannot be employed for dye-sensitized solar cells in which the carrier transport occurs by 
the diffusion, rather than the drift by a built-in potential,
because  of  a  negligible  macroscopic  electric  field  across  the  bulk  of  the photoanode
owing to screening by the high-ionic-strength electrolyte

On the basis of a theory in batteries [47],
the porous photoelectrode is treated as a superposition of two continua

one represents a pore-filling solution solid semiconductor matrix

Current density i1 and i2 are introduced for electrons in the matrix and 
ions in the solution
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The macroscopic current density in the electrode is obtained as the sum of i1 and i2.

electron density in the semiconductor matrix,

quasi-Fermi level in the semiconductor matrix

the triiodide ion concentration in the solution,

chemical potential of the ions,
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are for a low light intensity and a high light intensity, 

Since the diffusion length is the square of the product of the diffusion coefficient and the 
lifetime,

this is partly compensated by an increase of the electron lifetime with lowering the light 
intensity making  the  incident  photon-to-current  conversion  efficiency  (IPCE)  less
dependent on the light intensity 
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The determination of the refractive index                       the Kramer–Kronig relationship. 

the complex dielectric constant

This complex relationship can be approximated  using  the  Modified  Single  
Effective  Oscillator  (MSEO) model. Associated with the refractive index of the 
cell is the reflectivity or reflective loss. 

Kramers–Kronig relationship for the complex dielectric

In  this  chapter,  the  author intends to present new models relating to the refractive 
index and reflectivity of quantum well solar cells.
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The  determination  of  the  remaining  
parameters  has  been  obtained through 
experiment
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Determination of the refractive index of multiple quantum well 

The simple concept is the replacement of the multiple quantum well layers with a single 
homogenous layer yielding an average refractive index 
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In this section the new approach documented above will be utilised to
investigate the effects of electric field on the refractive index of the multiple 
quantum well solar cell. 
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