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A hemisquaraine dye molecule (CT1) was used as TiO, sensitizer. The influence of the dye-adsorption
time on the electrical impedance of a CTl-based dye-sensitized solar cell (DSC) was analyzed.
Differently from what we observed with commercial Ru dye-based DSC, a non-monotonic effect of
the impregnation time on the impedance has been found and the dye loading time is much reduced,
a desirable outcome in economic grounds. This feature is analyzed in terms of the dye
molecules tendency to aggregate close to the TiO,/electrolyte interface. A physical model that fits
well the experimental data is proposed, which also takes into account a correction related to the
difference between the illuminated area of the cell and the total area available in the electrical
measurements. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819207]

. INTRODUCTION

The dye sensitization of large band-gap semiconductors
is a fundamental aspect to be considered in view of develop-
ing efficient dye-sensitized solar cells (DSCs)." In these pho-
toelectrochemical devices, the electrons are photo-excited in
the dye and injected towards the nanostructured semiconduc-
tor conduction band. The collection of the photo-generated
electrons leads to the production of electric energy and a re-
dox couple contributes to close the circuit, regenerating the
dyes. In the whole process, certainly, the dye impregnated
mesoporous semiconductor film (generally TiO,) represents
the key component for high photoconversion efficiency.

In the fabrication process of DSCs, the photoanode nano-
structured film is immersed into a dye solution to introduce a
chemisorbed layer of dye molecules onto the semiconductor
surface and to establish a strong electronic coupling between
the semiconductor conduction band and the Lowest
Unoccupied Molecular Orbital (LUMO) level of the dye. The
device performance characteristics have often been observed
to be directly dependent on the impregnation time used for the
dye uptake by the porous anode. In addition, for each combi-
nation of dye-and-semiconductor film, an optimal impregna-
tion time can be evaluated, beyond which the performances of
the cell no longer change, or even get worse.” For traditional
N719/TiO, based DSCs, the influence of the impregnation
time on the electric response has already been discussed by
several authors®™ and also our group recently suggested an
electric model showing that the time dependence of the N719
coverage on TiO, nanostructured surface is in agreement with
a square root dependence of the impregnation time.® The opti-
mal time for the usually employed 0.3—0.5 mM N719 solution
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is observed to be overnight and in the technological steps of
cell fabrication this occupies around 40% of the entire time.”®
Therefore, great savings in terms of production costs and
times can be assured by innovative dye molecules able to
anchor to the semiconductor surface in shorter periods.

We have recently proposed a simple hemisquaraine or-
ganic dye molecule (CT1) as TiO, sensitizer. Besides its sim-
plicity, one of the peculiar features is the anchoring group
(squaric acid moiety) that makes hemisquaraine a unique class
of sensitizer, which appears to have quite fast attachment of
the molecules to the oxide surface. Nevertheless, this newly
introduced organic dye molecule tends to aggregate inducing
a worsening of the electric performances.’

The aim of this paper is to analyze the influence of the
dye-loading time on the electrical impedance of the entire
solar device. We have fabricated TiO, photoanodes and
employed them on CT1-based DSCs and by varying the dye
impregnation times from 5Smin up to 5 h, we evaluated the
number of adsorbed dye molecules and performed electro-
chemical impedance spectroscopy (EIS) measurements.
Differently from what we observed with N719-based DSC,6
a non-monotonic effect of the impregnation time on EIS
measurements has been found. In this work, we propose,
starting from a physical model which takes into account the
possibility of dye molecules aggregation, an equivalent cir-
cuit in agreement with the observed experimental data. We
also show that the normally adopted procedure of masking
the borders of the exposed area of the cell during electrical
measurements has to be correctly taken into account.

Il. EXPERIMENTAL
A. Materials preparation

The DSCs were fabricated by the following procedure. The
substrates were 7 Q/sq FTO (Fluorine doped Tin Oxide)-glass

© 2013 AIP Publishing LLC
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FIG. 1. Number of dye-adsorbed moles/cm? on TiO, surface in time, nor-
malized to the entire area of TiO, (S = 0.78 cm?).

(2cm x 2cm, Solaronix) cleaned in an ultrasonic bath for
10min in acetone, soaked in 2-propanol for few seconds,
immersed in piranha solution 3:1 (H,SO4:H,0,) for 10 min,
and finally rinsed in de-ionized water and dried with N,
flow. Circular shaped TiO, films were deposited via tape
casting technique'® using Solaronix Ti-Nanoxide D37 paste
(commercial material, mean nanoparticles size 40 nm), dried
for 30 min at room temperature, for 10 min at 50 °C, and then
sintered at 450 °C for 30min (final thickness ~8 um). A
TiCly post-treatment was performed by dipping the freshly
sintered TiO, films into a 50 mM TiCl, solution at 70 °C for
30 min, then rinsing in de-ionized water and drying with N,
flow. After the post-treatment, the TiO, films were again sin-
tered at 450°C for 30 min. After sintering, the substrates
were soaked in a 0.17 mM hemisquaraine (CT1) dye acetoni-
trilic solution for different time intervals (5 min, 30 min, 1 h,
3 h, and 5 h) at room temperature and subsequently rinsed in
pure acetonitrile to remove the unabsorbed dye molecules.
The counter electrode fabrication, the cell assembly proce-
dure, and the electrolyte filling process were described in
detail elsewhere.'' The active area of the cells was 0.78 cm?
and the measurements were performed with a 0.22 cm? black
rigid mask.

B. Characterization

The absorbance spectra of the depleting solution with
time were acquired by the depletion method described

(a)
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elsewhere.'? In short, a quartz cuvette, containing the dye
solution with immersed photoanode was placed in the
UV-visible spectrophotometer at room temperature for 5 h.
The photoanode was maintained at the cuvette bottom in
order to allow monitoring of the depletion of dye solution
with time, due to continuous adsorption of dye molecules by
the photoanode. During the whole experiment, the cuvette
was kept tightly covered with a cap to avoid the evaporation
of solvent in order to make sure that the volume of the solu-
tion remains constant. Finally, the numbers of adsorbed
moles were calculated using the obtained absorbance spectra,
the extinction coefficient of dye and the Lambert Beer law,
and normalized to the entire area of TiO; (S = 0.78 cm?) as
shown in Fig. 1.

Electrochemical impedance spectra were collected in light
conditions (1 sun) using an electrochemical workstation (760D,
CH Instruments) in the frequency range of 0.1 Hz—100 kHz at a
bias voltage of 0.5V, with superimposed AC signal of 10mV
amplitude.

lll. MODELING

To better understand the electrical response of a DSC
sensitized with the hemisquaraine molecule, we consider a
cell schematically presented in Fig. 2(a). The porous TiO,
electrode covered with the organic dye is in contact with the
electrolyte of thickness G characterized by the material pa-
rameters &, 0o, and T, = &, /0, standing for the dielectric
constant, the conductivity, and the characteristic time,
respectively. In Fig. 2(a), there are also presented some of
the pores starting from the TiO,/electrolyte interface. A
model of a pore, showing the lateral area A and the limit d of
the dye molecules adsorbed on the surface, is drawn in Fig.
2(b). In the following, A is the area of all the pores that is in
contact with the electrolyte. It may be estimated, in this case,
knowing A, the ratio between the area of the porous film and
all its volume,

A = A x volume of the film = A x L X §, (1

where L is the thickness of the TiO, layer and S the surface
of the cell.

When the adsorption process begins, the lateral area A
starts to be covered with a monomolecular layer of dye,
forming patches of adsorbed dye that, summed up, represent
a fraction 0 of A. Due to the fact that the free ion density in

FIG. 2. Representation of the cell indi-
cating the TiO, electrode and the elec-
trolyte (a) with the sketch of a pore (b).
S is the surface area and L is the thick-
ness of the porous electrode. G, &,
a1, and 1, are the thickness, the dielec-
tric constant, the conductivity, and the
characteristic time of the electrolyte,
respectively. A is the total lateral area
of pores, d is the thickness of the
adsorbed dye layer, at the instant 7.
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FIG. 3. Currents passing through the dye-adsorbed monolayer 0A and
through the free surface (1 — 0)A. dp is the thickness of the dye monolayer,
ddp is the distance until the influence of the pore’s wall is felt by the dye
molecules.

the electrolyte is large enough the potential in the bulk can
be considered constant. The potential may vary within a thin
layer delimited by a surface A and an equipotential surface
parallel to it, a distance d apart.

Applying a small sinusoidal voltage to the CTl-based
DSCs, two types of currents are sketched: one across the area
0A, characterized by the admittance Y|, and another across the
free surface (1 — 0)A with the admittance Y,, as shown in
Fig. 3. Thus, 0 is the fraction of the total area A of pores that is
covered by a monolayer of dye molecules. The monolayer is
described by the average molecular diameter dj (10_9m,
Ref. 9). The equipotential surface of thickness ddy, where 9 is a
rather small average number of molecular diameters, is the limit
within which a dye molecule feels the attraction force from the
surface. The total admittance in the ddy layeris Y = Y| + Y.

The process of dye adsorption starts when the mesopo-
rous TiO, photoanode is immersed into the dye solution and
saturates after a while as the parameter 6 goes to 1. Since the
impregnating process is mainly governed by the diffusion of
dye molecules into the porous layer, one may consider the
following time dependence of 0:

0(t) = \/tﬁ_, @)

OOO

S
OO

g

)
0e)

Q0O
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where 7 is a characteristic time corresponding to the moment
when practically 70% of the total area A is covered with a
monomolecular layer. This time dependence of 0 is also seen
in the case of N719-based DSCs.'? Fig. 3 presents the situa-
tion when ¢ < 7. When ¢ > 7, we must imagine there is the
possibility that dye molecules can build up on top of already
existing monomolecular layer, eventually filling the layer of
thickness ddp,” as shown in Fig. 4(a). Since 0 is quite large
(<1) and the free surface (1 — 0)A is quite small, one can
define an average thickness d of the adsorbed dye layers
(dy < d < ddy). The growth of this layer decreases exponen-
tially in time, the thickness d would go asymptotically to the
value ddj and the whole process could be characterized by a
decaying time, for convenience expressed as k x t, where k
is a small number. The reason why one imagines such a pro-
cess is that the adsorption of dye molecules is due to the
interaction with the solid surface of the TiO, layer and the
adsorption of the second or the third layers is screened by
the other inner layers. The screening varies exponentially
with the thickness of the adsorbed layers. A thicker adsorbed
dye layer prevents the transfer of electrons, worsening the
electric performance of the device.

Dye molecules may not agglomerate in the bulk. This
agglomeration mechanism is present only at the surfaces,
due to the attraction forces between them and the dye mole-
cules. These forces decrease when increasing the number of
absorbed layers, until the thermal energy is larger than the
absorption energy. For long absorption time, the thickness of
the dye layers will be ddj.

In EIS spectra, a higher impedance of the ddy layer has
to be expected in the regions marked with 0A in Fig. 4(a). In
this region, we may consider two capacitors in series, one for
the dye layer Cy,; and another one for the remaining electro-
lyte layer Cy., as shown in Fig. 4(b).

The impedance Z of the cell, apart from the contribution
Y~ !, includes the following series elements: Z,, the bulk im-
pedance of the electrolyte, and Ry, the transfer resistance of
the electrodes and the connecting wires. To express the total
impedance of the cell, for each film we may consider a paral-
lel of resistance and capacitance, except the electrolyte bulk
where the diffusion of free ions is very important and a
Warburg type element'* should be considered. The free sur-
face (1 — 0)A presents the admittance Y,

5d,- d
FIG. 4. A build-up of dye-molecules
I on TiO, surface for dy < d < ddy (a).
Equivalent capacitances in series: Cjg4
filled with dye and C,, filled with elec-
trolyte (b).
C
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cu(i—0a

1
Y=—+4+iwC, where R, =
R,

O] ‘Cel(l — H)A
Cr=-< 7 3
2 odo (3)
The covered surface 0A is described by two capacitors in se-
ries, one filled with dye molecules and another one with elec-
trolyte as in Fig. 4(b). Let us consider the values g, and 1,
characteristic for the dye layer. One has

leRil—i—iwCh @)

Ri= 5:2 H_Ad oddGA’ %)

Ciy= %, le = —Ugéizel_ej , (6)

Ci = ou ‘Ee]()A(O-d g+ 5do —d)l. )
04Ta

Another important feature to be taken into account is that d
starts to increase toward ddy only after 6 has got a certain
value, for instance, we may consider the value 0(t) =~ 0.707.
One may use the step function UnitStep defined as

UnitStep(t) = {(1) i i ;10 . 8)
So that we obtain
d=dy+ (0 —1)dy {1 —exp <— tk_—;:)] UnitStep(t — 7).
€)

The bulk impedance of the electrolyte written as a paral-
lel R C element is

R, G
(I+ioty) oaS(1+imty)’

Z (10)

where G is the thickness of the electrolyte layer.
Fitting the data shows that a better impedance would be

Z=Ro+Zp+ (Y1 +Y2) ", (11)

where Ry ~ 9.8 Q and

Zy = G , (12)

oS (1 + (l'(J)‘Eg[)ﬁ)z

with o ~ 0.65 and f =~ 0.85, where o and f are well known
fitting parameters for relaxation time distributions."

The fit can well interpolate 4 sets of data, the ones con-
cerning the absorption times of 30 min, 1, 3, and 5 h. On the
contrary, the agreement with the 5min loading time data,
within the same set of parameters, reveals not to be satisfac-
tory. The reason why this happens is most probably due to
the fact that EIS measurements have been done under

J. Appl. Phys. 114, 094901 (2013)

illuminating conditions (at least for some part of the total
area of the cell) and 5 min is a time too short to allow a rea-
sonable absorption of dyes into the titania pores. In other
words, the cell behaves as if it was operating in dark condi-
tions. An important point to be remarked is that, when a part,
&, of the electrode area is illuminated, the electronic density
within the conduction band of TiO, semiconductor increases
and expands, almost instantaneously, over the entire volume
of TiO;. This electron density is also the source of the poten-
tial difference across the TiO,/electrolyte interface. The
transfer resistance decreases exponentially when enhancing
this potential difference. Hence, we expect for S min a much
larger real part of Z, for low frequencies, with respect to the
other soaking times considered.

We can adjust the above mentioned equations in order
to take into consideration the fact that the cell is under light
conditions for only a part of the total area.

Introducing

_illuminatedarea 2.2 x 107 m?
N 7.8 % 107°m?

=0.28,
total area

and taking into account that under illumination, the transfer
resistance between TiO, and electrolyte is reduced, we may
consider an average electrolyte conductivity within ddj
enlarged by a factor of {.

Preliminary fittings with formulae (11) and (12) show
that o4/0, < 3 X 1077 so, in comparison to Y, Y; is practi-
cally negligible.

When the cell is under light conditions, Eq. (3) preserves
the form with the only difference that ¢, has to be replaced by
an average g, (from pore) proportional to g,; (i.e., o, in dark).
The proportionality, {, should include the total area covered by
dye (~0) as well as the number of dye layers (~d/dy) and the
illuminated fraction (~¢), so we have

op = (oo =P950e1d/d07 (13)

p being a proportionality parameter.

Then,
Vo= fiwC =1 Al +ioty)
2_R2 l 2 = 5d0 Op L) Tyl
0(1-0)¢d .
:TpA(l—&—lwrg;). (14)

As neither p nor A are known, we may introduce a fitting pa-
rameter X

T=rr (15)

The total impedance Z would be

G

Z=Ro+Z,+Y,' =Ro+ ——————
0 b 2 0 guS(1+imty)

52

0= 0)zd(l +ivt)ous

(16)
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FIG. 5. Parametric plots (-Im Z vs Re Z) for different dye adsorption times.
Fitting curves are in full black lines.

Introducing the fitting parameters o and f3, the impedance to
be fitted is
52
0(1-0)¢xd 1
el S (1 +(I.U)Te1)ﬁ)a

G+

Z=Ry+ (17)

Summarizing, the electrical impedance Z of
hemisquaraine-based DSC is a function of the following pa-
rameters: 6., T., %, T, k, 8, Rg, o, and f.

In Fig. 5, the parametric plots of the real and imaginary
parts of the electrical impedance of the cell, for different
dye-adsorption times, are shown. Theoretical -curves
obtained using Eq. (17) are plotted in the same figure. Even
if the fits are not perfect, they follow the general trend of the
experimental points.

IV. DISCUSSIONS

In Fig. 6, the points represent the values of the fraction
0 of area A obtained from the best fits for each adsorption

0.9 1 E
0.8 B
0.7 fe) -

0.6+ 4

0.4 g
0.3 1

0.2 4

0 1 2 3 4 5
time (h)

FIG. 6. Fraction 0 of area A of the pores (fitting values). Continuous curve
(Eq. (2)) confirms the validity of the fit model.
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4.0 T T T T T T T T T T T

d/d,

2.0 B

time (h)

FIG. 7. Plot of the fitting values of d (circles) and the Eq. (18) (in full line).

time. The continuous line represents the function 6(r)

= rf{ The good match may be a proof of the correctness

of the fit. In Fig. 7, the variation in time of the average
thickness d of the adsorbed dye layers is plotted. The points
are the values of d for each adsorption time obtained from
the best fits and the full line shows that d(7) may be fitted
with a simpler function

d(t) = dy g1 (18)

()

that avoids the threshold character of the Eq. (9).

The important fitting parameters o,;, %, and J are reported
in Table I. The value o, (~0.03S/m =3 x 10~*S/cm)
corresponds to a normal conductivity of the ionic solution
(it depends on the concentration and temperature, of course).

0, which is d(max)/dp, represents the limiting distance
over which the inner surface of the pores’ walls manifests
the attraction toward the dye molecules.

The only parameter that needs a thorough analysis is 2.
It has more or less the same value fort=0.5, 1,2, and 5 h
but a value six order of magnitude smaller for =35 min.
From Eq. (15), apart from the fixed value %, 2 is actually
representing p, that is the factor { normalized with respect to
0 and d/dy. In other words, X tells us how many orders of
magnitude the transfer resistance decreases when passing
from dark to light conditions.

TABLE I. Parameters o,;, 0, and X resulted from the best fits, at different
loading times.

Time (h) G (Q m)7l 0 z
0.0833 0.026 3.97 8.9x 1074
0.5 0.036 4.12 1100

1 0.035 4.82 1043

3 0.031 4.98 1100

5 0.030 4.34 1093
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V. CONCLUSIONS

We analyzed the changes in the electrical impedance
spectra of a solar cell sensitized with hemisquaraine organic
dye molecules, when varying the dye-adsorption time. It has
been observed a non-monotonic behavior of the impedance
of the cell, different from that we observed with Ru-based
solar cells.® For the shortest adsorption time (5 min), the im-
pedance is very large. Increasing the time, due to the rapid
adsorption of the dye molecules in the porous TiO, elec-
trode, the impedance decreases but for even larger adsorption
times the impedance starts to increase again, although the
number of adsorbed molecules increase as well.

We proposed a model based on the hypothesis that dye
molecules can aggregate on the electrode surface creating an
adsorbed layer, which prevents the charge transfer, worsen-
ing the electrical performance of the cell. The model fits well
the experimental data if a correction is made regarding the
difference between the illuminated area of the cell and the
total area available in the electrical measurements.
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