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Diffusion transport in a nanocrystalline TiOz layer of a solar cell with dye for various values of the dis-
persion of the thickness of a TiO: 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
TiO: 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 TiO:z 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 TiOz, whose pores contain a dye ap-
plied to a conductive transparent support FTO (SnO:2
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 TiO? particles
and causes the transition of an electron from the molecu-
lar ground state S° 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 I3 in

electrolyte. The cycle is closed by the reduction of oxi-
dized molecules of a dye with the help of iodine 1-. Well
known that properties of semiconductor nanomaterials
(adsorption reactivity, optical and luminescent proper-
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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 TiOz on the diffusion of
charge carriers across the TiOz 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 TiO: 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 L; 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 A= 337 nm, %uise = 5 ns. In the present work,
we consider the influence of the inhomogeneity of the
thickness L of a TiO:z layer on the total photoresponse
of the system. The mesoporous layer TiOz of a solar cell
can be presented by a model describing a conducting
TiO2 layer as N conducting link-cylinders made of TiOz
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 TiOz layer as the system of TiO: cylinders with a variable

length and a constant diameter D (b)
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The parameter p characterizes the mean thickness
of a TiO2 layer Lav, the parameter o 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.

R
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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
TiOz 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 TiOz link is given by the resistor R;. The

other elements are as follows: Rext.ioss takes the losses in
the external circuit, and Rn is the measuring re-

. . . i
sistance. The resistance of an elementary link R can

be presented as

i
+R,,

Ré = Ri‘io2 @

where R%ioz is the resistance of the elementary i-th link

R/, is the resistance of the layer

e

of thickness Ly, ,

with electrolyte of thickness L, between the interface

of TiOg/electrolyte and a Pt-electrode. The distance be-
tween the FTO layer and the Pt-electrode is

— i
Lrro-pi= Ly, + L, = const.

But the physical processes running in the system,
namely the diffusion and recombination of current car-
riers through the system of connected TiO:2 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 Ll;rioz was determined by the Gauss distri-

bution. The average thickness of a TiO2 layer was tak-
en 9.1 um, the specimen area was equal to 0.49 cm?,
and the dispersion of the thickness of a TiO2 layer was
described by the parameter o varying from 0.1 to 3 pum.

Since the average thickness Ly, of each elementary

link-cylinder (Lf, 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 Ll;rioz , 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(f) of each sepa-
rate i-th link to the total response of the system js():

on(x,t) Dx 8*n(x,t) _n(x,f)
ot ox”

, (3a)
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px 0D _ (3b)
ox
i on
kxn(Lyq, ,t)+Dx— =0, (3c)
2 ox
n(x,0) = const x exp(—a x x), (3d)

where D — the coefficient of diffusion, 7 — the lifetime of
electrons, and k& — the coefficient of extraction of elec-
trons from the TiOz 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:

H

jz (t) = f[ZNi ji(t)r Rmv Rext.loss] 4)
i=1

Solving Egs. (3a)-(3d) was realized within the soft-

J. NANO- ELECTRON. PHYS. 9, 06001 (2017)

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 #pear, the coefficient of diffu-
sion Def, and the charge extracted from the TiO:z layer
into the external circuit @, on the coefficient of disper-
sion of the thickness. In the simulation, we used the
following parameters: Des=6 X 10-5 cm?2/s, k=10 cm/s,
=108, Rm=1MQ, Reutiss=5Q, Ci=60nF/cm?2
per =8 Q-cm, prio: =0.178 MQ-cm. The given values k
and 7 allow us to study the influence of the thickness
dispersion on a photoresponse.
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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 o (a), dependence of D.s, the position of the diffusion peak #pear, and charge @ on the coefficient of disper-

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

As seen from Fig. 3a, the position of the diffusion
peak tpeak shifts to the region of shorter times with in-
crease in o from 0.1 um to 3 um, which corresponds to
the increase in the effective coefficient of diffusion Des
by a factor of ~ 1.5. The change of 0 does not practically
affect the variation of Q.

Under the change of o in the given limits, @ 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
o can be conditionally divided into two subranges: those
with small (6=0.1-1 pum) and great (o= 1-3 pm) varia-
tions of tpeak and Des. The dependence of Deg on the coef-
ficient of dispersion ¢ can be approximately described

with the help of the formula Dgg :Dgﬁ +Aexp(Ro),

where DY =5.8x10-5cm?/s, A=1.3498x10-6, 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 tpest to the left on the time scale with
increase in the inhomogeneity of the thickness of a lay-
er TiOz is explained by that the diffusion of electrons
runs in the TiO: layer with effective thickness Lef

which is less than the average thickness of the layer
Law. 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 TiOz link

with length L, = Lo — A to the total response of the
whole system is greater than the contribution j* of a
TiOz link with length L}, = Lav + A. The following con-
dition holds:

J7(t, Lavg= A) > j*(t, Lavg+ A). ®)

This condition is satisfied because the maximum
amplitude of the diffusion peak jg‘ggk 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.

10°] ——A=0
n
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Puc. 4 — Dependences of the position of tpeak on the thickness

of a TiOz layer for the homogeneous ( AiL =0) and inhomogene-
ous (AiL;& 0) distributions of the layer thickness. The insert
shows the relative deviation of tpeak( AiL =0) from

tpeak AiL +0)

In experiments, we studied 8 specimens which had
the following average thicknesses Lia\,: 1.24, 2.98, 4.1,

7, 9.1, 9.6, 12, 14.6 pm. For each specimen, we meas-
ured the thickness L = f(x), where x is the coordinate,

of a TiOz layer with a profilometer. We calculated the
distribution of elementary links over thicknesses,
which characterizes the homogeneity of the thickness of
a TiOz layer, by assuming that the distribution along
the y-coordinate is the same as along the x-coordinate.

Each specimen with Liav 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 TiO: layer. In Fig. 4, we present the
calculated responses of the system to a laser pulse for a

homogeneous TiO: layer L' :Liav(AiL:O) and for an
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inhomogeneous TiOz layer L' ¢Lia\,(Ai|_ 7&0). The non-

monotonic dependence of Otpeak on Lav (and onAiL) is
explained by the asymmetry of the distribution of
lengths, N| = f L , of elementary links relative to La.

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 TiOz 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 TiO: layers
(AL #0), which were obtained with the help of a pro-

filometer, has shown that the diffusion peak is in the
limits of the interval [tpepy — Ay ... —At t9e5+4,] in the
case of the uniform thickness of a TiOz layer (A =0).

This is explained by the asymmetry of the thickness
distribution of a TiO:2 layer relative to the average
thickness of a TiOz layer La. The width of the thick-
ness distribution depends on the stability of the process
of application of a TiOz 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 & 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 Des
as compared with the case of a uniform thickness of a
TiOz 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.

ACKNOWLEDGMENTS

Funding: This work was supported by the national
long-term project [no. WQ20142200205] of “Thousand
Talents Plan of Bureau of Foreign Experts Affairs” of
the People’s Republic of China.

06001-4



ErrECT OF T1O2 LAYERS THICKNESS INHOMOGENEITY... JJ. NANO- ELECTRON. PHYS. 9, 06001 (2017)

Brnue meonuopiguocrti Topmuan mapie TiO: Ha TpaHcIopT HOCIIB 3apAay B AUCIEPCHUX CO-
HAYHUX €JIEMEHTAX HAa 0apBHHUKAX

I.I. Isamos! 2, B.B. Jlosiaceruiil-3, B.I1. Kacarkin3

L Jnemumym gizuxu, Lzinincokuil yrisepcumem, 130012 Yanuwyns, Kumaticoxa Hapoona Pecnybnika
2 Jncmumym sucoxux mexrosoeili, Kuiscoxuii nauionansruti ynigepcumem imeri Tapaca Illesuenka,
8ys1. Bonooumupcvka, 64, 01033 Kuie, Yrpaina
3 Incmumym ¢isuxu Hanignposiorukis imerni B.€. Jlawkapvosa, HAH YVkpainu,
npocnekm Hayxu, 41, 03028 Kuis, Ykpaina

Jlocmmxennit nudysiinuii mepeHoc y Hanokpucramiaaomy mapi TiOz comsumoi GaTapei 3 6apBHUKOM
JUIsT pi3HUX 3Ha4YeHb aucrepcil topumHY mapy TiOs2. Po3pobieHo Momesns TpaHCIOpTy, B KN PO3TJISga€Th-
cs1 BIumB guctepcii ropmmay mapy TiO: Ha 3aramsHwuit Bigryk cucremu esterrposit/TiOo/FTO mpu immysis-
CHOMY JIa3epHOMY OIIPOMIHeHHI. ¥ MoJesIi pyx HocliB 3apsiay depes takuit TiOz map omucaHuii ik pyx 4yepea
cucremy mapasespHux TiO2 kaHamB 3 pisHoio moBxkuHO©. [Ipu HasBHOCTI nucnepcii Tropmuau TiO: 1mapy,
mo omucyeThesi qyHkiien [ayca, koedimienT nudyaii HOCIIB 3apsaay 30LIBIIYETHCSA, a IOJIOKEHHS IIIKY JIU-
doy3ii aminryeThesi B Tianas3oH OLIBII KOPOTKUX YaCiB IOPIBHAHO 3 OeanucrepciiitHuM BumagkoM. Pospaxosa-
HO Jucrepcio KoedirienTa qudyaii 118 3pas3kiB 3 PO3MOILIOM II0 TOBIIHUHI, BUMIPIHUMU ITPOQIIOMETPOM.

Knrouosi ciosa: TiOz, Cousunnii enemenr, {udysisa, Tpaucnopr, {ucnepcis.

Bnusasue meomaopogHocTy ToamMUHEL ¢iaoeB TiO: Ha TpaHCHOPT HOCUTEIEH 3apanaa B
IOHCIIEPCHBIX COJIHEYHBIX 3JIEMEHTAX HA KPACUTEJIAX

WN.U. UBanos'2, B.B. Jlosunckmiiz3, B.I1. Kacatknu3

1 Hnemumym ¢gusuru, [[zununckut ynusepcumem, 130012 Yanuwyrns, Kumaiickas Hapoonas Pecnybnurxa
2 Hnemumym svicokux mexuonoeuli, Kuesckuii nauuonanvhsili ynusepcumem umernu Tapaca Illesuerro,
ya. Braoumupcras, 64, 01033 Kues, Ykpauna
3 Uuemumym gpusauru nonynpogooruxos umernu B.E. Jlawrkapvosa, HAH Yikpaurbt,
npocnexm Hayru, 41, 03028 Kues, Ykpauna

Hccmenosan nudpy3snoHHEIN ITepeHOC B HAaHOKpHUCTAJLIHIecKoM cyioe TiOg COTHEYHOro aIeMeHTa ¢ Kpa-
CHTeJIeM TIPH PA3JIMYHBIX 3HAYCHUAX TUCIepcuu TonuHbl cjaod Ti02. PaspaGorama momess mepesoca, yau-
THIBAIOIIAS BIIMAHUE AUCIIEPCUM TOMIMIUHEL c1oa TiOz Ha o0mmit oTKIuK cucTeMbl asieKTposuTa/TiOz/FTO
pY UMITYJIGCHOM JIa3epHOM o0JiydeHnu. B Momesnu aBmkeHMe HocuTesel 3apsama deped Taxoi cyioi TiO:
OIHUCHIBAETCA KAK JBHJKEHHE Uepe3 CHUCTeMy MMapasuiesibHbIX KaHasoB TiO:z ¢ pasmmunoi mmwmuoi. [lpu
HAJIUYUK guctepcun ToamuHel citos TiOsz, omucrniBaemoro dyrkrimeit 'aycea, koapdurment nuddysun Ho-
cuTesIeldl 3apsAma yBeJIWYMBAETCs, a IOJIoKeHne muka qudysuu caBuraercs B 0ojiee AUamas3oH 06ojee Ko-
POTKHMX BpeMeH II0 CPABHEHUI0 C OEeCOHMCIIepPCHOHHBIM CcJydaeM. Paccumrana mucrepcus KoadHIImeHTa
nuddysun 11 00pasIoB ¢ pacipeaeseHreM II0 TOJIIHHAM, U3MePEeHHBIMH € IIOMOIIBI0 PO UIOMeTpAa.

Kirouessie cnosa: TiO2, Conueunsiii anement, Juddysus, Tpaucoopr, Jucnepcus.
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