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Diffusion transport in a nanocrystalline TiO2 layer of a solar cell with dye for various values of the dis-

persion of the thickness of a TiO2 layer was studied. A model of the transport, which considers the influ-

ence of the dispersion of the thickness of a TiO2 layer on the total response of the electrolyte/TiO2/FTO sys-

tem under pulse laser irradiation, is developed. In the model, the motion of charge carriers through such a 

TiO2 layer is described as a motion through the system of parallel TiO2 links with various lengths. In the 

presence of the dispersion of the thickness of a TiO2 layer described by the Gauss function, the coefficient 

of diffusion of charge carriers increases and the position of the diffusion peak shifts to shorter times as 

compared with the dispersionless case. The dispersion of the coefficient of diffusion for specimens with a 

distribution over thicknesses measured with a profilometer was calculated. 
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1. INTRODUCTION 
 

Recently, solar cells and phototransducers on the ba-

sis of dispersion heterojunctions with dyes are strongly 

studied and designed. A basis of such structures is a 

mesoporous layer TiO2, whose pores contain a dye ap-

plied to a conductive transparent support FTO (SnO2 

doped with fluorine). Solar cells on their basis promise to 

be a cheap alternative to traditional Si solar cells of the 

n-p type. The efficiency of such structures reaches 11% 

and 8.1%, respectively, for structures with the use of 

electrolyte and a polymer as a donor conductor [1, 2]. 

The theoretical calculations indicate the possibility to 

attain the efficiency up to 33% [1]. The use of a mesopo-

rous material allows one to guarantee the absorption 

surface of 200-300 m2/g as compared with 10 m2/g for 

plane surfaces [3]. According to [4], the molecules of a 

dye absorbed on the surface of TiO2 must ensure the sta-

ble operation of a solar cell during 20 years. The princi-

ple of the operation of a dye sensitized solar cell is shown 

in Fig. 1a. The incident photon is absorbed by a dye posi-

tioned on the surface of nanocrystalline TiO2 particles 

and causes the transition of an electron from the molecu-

lar ground state S0 to a higher excited level S∗. The ex-

cited electron is injected in the conduction band of TiO2 

particles, by leaving, in this case, the dye molecules in 

the oxidized state S+. The injected electron diffuses 

across the system of interconnected TiO2 nanoparticles 

to a conductive transparent support (FTO-layer, anode) 

applied to glass and then to the cathode through the 

external resistance. The cathode electrode takes partici-

pation in the creation of iodine, I −, from iodide-ion 

3I in 

electrolyte. The cycle is closed by the reduction of oxi-

dized molecules of a dye with the help of iodine I −. Well 

known that properties of semiconductor nanomaterials 

(adsorption reactivity, optical and luminescent proper-

ties, electric transport) vary considerably from their 

morphology [5, 6]. For porous titanium oxide, these 

properties depend on the structure (amorphous or crys-

talline phase, most common for the latter is structure of 

rutile or anatase) and their homogeneity. The transport 

properties of such a system depend also on states of the 

surface, and properties of the electrolyte [7]. In the pre-

sent work, we simulate the influence of the inhomogenei-

ty of the thickness of a layer TiO2 on the diffusion of 

charge carriers across the TiO2 layer by describing the 

thickness inhomogeneity with a Gauss function and the 

distribution function obtained as a result of measure-

ments of the thickness inhomogeneity of TiO2 layers 

with a profilometer. 

 

2. SIMUATION OF DISPERSION HETERO-

JUNCTION  
 

2.1 A model of dispersion heterojunction 
 

The system of interconnected TiO2 nanoparticles 

which form conducting chains (see Fig. 1b) can be pre-

sented as a collection of cylinders [7, 8] of length Li and 

diameter D  const. The transport properties of the 

electrolyte/TiO2/FTO system are analyzed with the help 

of transient characteristics, by studying the depend-

ence of a response of the system (the electric current in 

the external circuit) after the irradiation with a laser 

pulse with   337 nm, pulse  5 ns. In the present work, 

we consider the influence of the inhomogeneity of the 

thickness L of a TiO2 layer on the total photoresponse 

of the system. The mesoporous layer TiO2 of a solar cell 

can be presented by a model describing a conducting 

TiO2 layer as N conducting link-cylinders made of TiO2 

on unit area (see Fig. 1b). In this case, we assume that 

the distribution of links over lengths can be described 

by the Gauss function: 
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Fig. 1 – Scheme of a solar cell with dye (a), model representation of a TiO2 layer as the system of TiO2 cylinders with a variable 

length and a constant diameter D (b) 
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The parameter  characterizes the mean thickness 

of a TiO2 layer Lav, the parameter σ describes the dis-

persion of the thickness of a TiO2 layer. A response of 

the system can be described with the help of the equiv-

alent scheme presented in Fig. 2. 
 

 
 

Fig. 2 – Equivalent scheme of the electrolyte/TiO2/FTO system 

with regard for the inhomogeneity of a TiO2 layer 
 

Each parallel branch of the equivalent circuit is a 

separate link (a cylindrical conductor) in the system of 

TiO2 links. The generation of carriers is represented by 

the current source Isi. The separation of charges is rep-

resented by a capacitor Ci. The effect of the series re-

sistance of a TiO2 link is given by the resistor 
i
sR . The 

other elements are as follows: Rext.loss takes the losses in 

the external circuit, and Rm is the measuring re-

sistance. The resistance of an elementary link 
i
sR  can 

be presented as  
 

 
2TiO ,i i i

s elR R R   (2) 

 

where 
2TiO

iR is the resistance of the elementary i-th link 

of thickness 
2TiO

iL , i
elR  is the resistance of the layer 

with electrolyte of thickness i
elL between the interface 

of TiO2/electrolyte and a Pt-electrode. The distance be-

tween the FTO layer and the Pt-electrode is 

LFTO−Pt  
2TiO

iL  + i
elL   const. 

But the physical processes running in the system, 

namely the diffusion and recombination of current car-

riers through the system of connected TiO2 particles, 

cannot be modeled by an equivalent scheme which con-

tains only passive elements. We performed the simula-

tion of these physical processes with the use of differen-

tial equations and the account of their properties in the 

active source of current [9].  

In order to realize the simulation, the whole range 

of thicknesses was discretized and represented by 

H  21 values. The number Ni of relevant links of 

thicknesses 
2TiO

iL was determined by the Gauss distri-

bution. The average thickness of a TiO2 layer was tak-

en 9.1 m, the specimen area was equal to 0.49 cm2, 

and the dispersion of the thickness of a TiO2 layer was 

described by the parameter σ varying from 0.1 to 3 m. 

Since the average thickness 
2TiO

aνL of each elementary 

link-cylinder (
2TiO

aνL is from several to tens of microme-

ters) is much larger than the diameter of a link-

cylinder, D  5-50 nm, and elementary link-cylinders 

are axisymmetric, it was expedient to pass to the con-

sideration of a one-dimensional structure in order to 

simplify the simulation. Therefore, we took only the 

longitudinal component of the coefficient of diffusion 

into account. For each value of the thickness 
2TiO

iL , we 

solved numerically the nonstationary diffusion equa-

tion (3a) with regard for the recombination with the 

corresponding boundary (3b, 3c) and initial conditions 

(3d) and determined the contribution ji(t) of each sepa-

rate i-th link to the total response of the system jΣ(t):  
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2
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 ( ,0) exp( ),n x const x     (3d) 
 

where D − the coefficient of diffusion,  − the lifetime of 

electrons, and k − the coefficient of extraction of elec-

trons from the TiO2 layer into the FTO layer.  

By using the solutions of the differential equations 

for all links with regard for the influence of elements of 

the external circuit, we calculated the total response of 

the system:  
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Solving Eqs. (3а)-(3d) was realized within the soft-

ware Matlab with the use of the module Partial Differ-

ential Equation Toolbox [10]. The simulation of the 

influence of the external circuit on transient character-

istics was carried out with the use of the module  

Simulink within the software Matlab. 

 

3. ANALYSIS OF RESULTS 
 

 The results of the simulation are given in Fig. 3. 

We studied the dependences of the position of the max-

imum of the diffusion peak tpeak, the coefficient of diffu-

sion Deff, and the charge extracted from the TiO2 layer 

into the external circuit Q, on the coefficient of disper-

sion of the thickness. In the simulation, we used the 

following parameters: Deff  6 × 10 – 5 cm2/s, k  10 cm/s, 

  10 s, Rm  1 M, Rext.loss  5 , Ci  60 nF/cm2, 

el  8 ∙cm, TiO2  0.178 M∙cm. The given values k 

and  allow us to study the influence of the thickness 

dispersion on a photoresponse.  

 

  
 

 a b 
 

Fig. 3 – Calculated photoresponse of the electrolyte/TiO2/FTO system for various values of the coefficient of dispersion of the 

thickness of a TiO2 layer  (a), dependence of Deff, the position of the diffusion peak tpeak, and charge Q on the coefficient of disper-

sion of the thickness of a TiO2 layer  (b) 
 

As seen from Fig. 3a, the position of the diffusion 

peak tpeak shifts to the region of shorter times with in-

crease in σ from 0.1 µm to 3 m, which corresponds to 

the increase in the effective coefficient of diffusion Deff 

by a factor of ~ 1.5. The change of σ does not practically 

affect the variation of Q. 

Under the change of  in the given limits, Q de-

creases by a value less than 0.1 %. 

As seen from Fig. 3b, the range of variation of the 

coefficient of dispersion of the thickness of a TiO2 layer 

σ can be conditionally divided into two subranges: those 

with small (  0.1-1 µm) and great (  1-3 µm) varia-

tions of tpeak and Deff. The dependence of Deff on the coef-

ficient of dispersion σ can be approximately described 

with the help of the formula  RADD effeff exp0  , 

where 0
effD   5.8×10 – 5 cm2/s, A  1.3498×10 − 6, and 

R  10330. Let the distribution of the thickness be de-

scribed by (1), and let the average thickness of a TiO2 

layer be constant. Then the shift of a position of the 

diffusion peak tpeak to the left on the time scale with 

increase in the inhomogeneity of the thickness of a lay-

er TiO2 is explained by that the diffusion of electrons 

runs in the TiO2 layer with effective thickness Leff 

which is less than the average thickness of the layer 

Lav. The Gauss distribution of TiO2 links over length 

gives a symmetric distribution of lengths relative to 

Lav. At the same time, the contribution j − of a TiO2 link 

with length 
avL   Lav − ∆ to the total response of the 

whole system is greater than the contribution j+ of a 

TiO2 link with length 
avL   Lav + ∆. The following con-

dition holds: 
 

 j−(t, Lavg − Δ)  j+(t, Lavg + Δ). (5) 
 

This condition is satisfied because the maximum 

amplitude of the diffusion peak max
peakj  depends nonline-

arly on the thickness of a link, along which the diffu-

sion of electrons occurs. To clarify the influence of the 

real distributions of inhomogeneous thicknesses of TiO2 

layers on transient characteristics, we studied the 

TiO2/FTO structures. The layers of TiO2 were deposited 

by electrophoretic spraying [13] with the following an-

nealing for 30 min at a temperature of 450 °C. On the 

first stage, the solution of nanodimensional TiO2 parti-

cles in an aqueous or organic solvent is formed. In this 

case, it is possible to control the size of TiO2 nanoclus-
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ters by controlling the processes of hydrolysis and con-

densation. On the second stage, there occurs the pro-

cess of electrophoretic deposition of nanoparticles on 

the electrode. Under the action of the electric field, 

charged particles move to the collecting electrode. The 

mobility of particles depends on the dielectric constant 

of the solution, electrokinetic potential of particles, and 

viscosity of the solution. Within this method, the max-

imum package density for homogeneous spherical par-

ticles is 74% and can be controlled by the concentration 

of nanoparticles in the solution, electrokinetic poten-

tial, the intensity of an applied electric field, and the 

kinetic processes running on the surface of particles.  
 

 
 

Рис. 4 – Dependences of the position of tpeak on the thickness 

of a TiO2 layer for the homogeneous (
i
L  0) and inhomogene-

ous (
i
L ≠ 0) distributions of the layer thickness. The insert 

shows the relative deviation of tpeak(
i
L  0) from 

tpeak
i
L ≠ 0) 

 

In experiments, we studied 8 specimens which had 

the following average thicknesses i
avL : 1.24, 2.98, 4.1, 

7, 9.1, 9.6, 12, 14.6 µm. For each specimen, we meas-

ured the thickness L   xf , where x is the coordinate, 

of a TiO2 layer with a profilometer. We calculated the 

distribution of elementary links over thicknesses, 

which characterizes the homogeneity of the thickness of 

a TiO2 layer, by assuming that the distribution along 

the y-coordinate is the same as along the x-coordinate. 

Each specimen with i
avL was characterized by the own 

thickness inhomogeneity. We did not observe a mono-

tonic dependence of the parameter of inhomogeneity on 

the thickness of a TiO2 layer. In Fig. 4, we present the 

calculated responses of the system to a laser pulse for a 

homogeneous TiO2 layer  0 i
L

i
av

i LL  and for an 

inhomogeneous TiO2 layer  0 i
L

i
av

i LL . The non-

monotonic dependence of δtpeak on Lav (and on i
L ) is 

explained by the asymmetry of the distribution of 

lengths,  iL LfN  , of elementary links relative to Lav. 

  

4. CONCLUSIONS 
 

We have proposed a model for the calculation of an 

influence of the inhomogeneity of thicknesses of TiO2 

layers on the transport processes running in them. The 

simulation of the photoresponse of a layer with the 

Gauss statistics of the distribution over thicknesses has 

shown that the increase in the inhomogeneity of the 

distribution over thicknesses leads to a decrease of the 

“effective thickness” of a TiO2 layer for the transport of 

electrons and, respectively, to an increase in the coeffi-

cient of diffusion. The simulation with the use of the 

real distributions of the thicknesses of TiO2 layers 

( 0L ), which were obtained with the help of a pro-

filometer, has shown that the diffusion peak is in the 

limits of the interval [ tpeakt 0 ... −∆t tpeakt 0 ] in the 

case of the uniform thickness of a TiO2 layer ( 0L ). 

This is explained by the asymmetry of the thickness 

distribution of a TiO2 layer relative to the average 

thickness of a TiO2 layer Lav. The width of the thick-

ness distribution depends on the stability of the process 

of application of a TiO2 layer.  

As a result of the simulation, we have obtained that 

the inhomogeneity of the thickness of a TiO2 layer can 

significantly affect the total conductivity of the system. 

For the most nonuniform distribution over thicknesses, 

the relative deviation t peak was 22% (and that of the 

relevant coefficient of diffusion), which testifies the 

importance to account the inhomogeneity of the thick-

ness of a transporting layer on the optimization of dye-

based solar cells. Thus, the presence of the dispersion 

of thicknesses of TiO2 layers leads to a variation in Deff 

as compared with the case of a uniform thickness of a 

TiO2 layer and causes a change of the diffusion length. 

Such a change determines, in its turn, the photocurrent 

of the system in the quasineutral region and influences 

both the short-circuit current and spectral characteris-

tics of the system as a whole.   
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Вплив неоднорідності товщини шарів TiO2 на транспорт носіїв заряду в дисперсних со-
нячних елементах на барвниках 

 

І.І. Іванов1,2, В.Б. Лозінський1,3, В.П. Касаткін3 
 

1 Інститут фізики, Цзілінський університет, 130012 Чанчунь, Китайська Народна Республіка 
2 Інститут високих технологій, Київський національний університет імені Тараса Шевченка,  

вул. Володимирська, 64, 01033 Київ, Україна 
3 Інститут фізики напівпровідників імені В.Є. Лашкарьова, НАН України,  

проспект Науки, 41, 03028 Київ, Україна 
 

Досліджений дифузійний перенос у нанокристалічному шарі TiO2 сонячної батареї з барвником 

для різних значень дисперсії товщини шару TiO2. Розроблено модель транспорту, в якій розглядаєть-

ся вплив дисперсії товщини шару TiO2 на загальний відгук системи електроліт/TiO2/FTO при імпуль-

сному лазерному опроміненні. У моделі рух носіїв заряду через такий TiO2 шар описаний як рух через 

систему паралельних TiO2 каналів з різною довжиною. При наявності дисперсії товщини TiO2 шару, 

що описується функцією Гауса, коефіцієнт дифузії носіїв заряду збільшується, а положення піку ди-

фузії зміщується в діапазон більш коротких часів порівняно з бездисперсійним випадком. Розрахова-

но дисперсію коефіцієнта дифузії для зразків з розподілом по товщині, виміряними профілометром. 
 

Ключові слова: TiO2, Сонячний елемент, Дифузія, Транспорт, Дисперсія. 

 

 

Влияние неоднородности толщины слоев TiO2 на транспорт носителей заряда в  

дисперсных солнечных элементах на красителях 
 

И.И. Иванов1,2, В.Б. Лозинский2,3, В.П. Касаткин3 
 

1 Институт физики, Цзилинский университет, 130012 Чанчунь, Китайская Народная Республика 
2 Институт высоких технологий, Киевский национальный университет имени Тараса Шевченко,  

ул. Владимирская, 64, 01033 Киев, Украина 
3 Институт физики полупроводников имени В.Е. Лашкарьова, НАН Украины,  

проспект Науки, 41, 03028 Киев, Украина 
 

Исследован диффузионный перенос в нанокристаллическом слое TiO2 солнечного элемента с кра-

сителем при различных значениях дисперсии толщины слоя TiO2. Разработана модель переноса, учи-

тывающая влияние дисперсии толщины слоя TiO2 на общий отклик системы электролита/TiO2/FTO 

при импульсном лазерном облучении. В модели движение носителей заряда через такой слой TiO 2 

описывается как движение через систему параллельных каналов TiO2 с различной длиной. При 

наличии дисперсии толщины слоя TiO2, описываемого функцией Гаусса, коэффициент диффузии но-

сителей заряда увеличивается, а положение пика диффузии сдвигается в более диапазон более ко-

ротких времен по сравнению с бесдисперсионным случаем. Рассчитана дисперсия коэффициента 

диффузии для образцов с распределением по толщинам, измеренными с помощью профилометра. 
 

Ключевые слова: TiO2, Солнечный элемент, Диффузия, Транспорт, Дисперсия.  
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