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Abstract
Dye-sensitized solar cells (DSSC) made of TiO; have received increasing attention since
invented by O’Regan and Gratzel in 1991. Some studies have been conducted to

This work is licensed determine the effect of the TiO2 electrode thickness on the DSSC performance.
e T o Nevertheless, the effect of the electrode thickness on the J-V characteristics, especially
ShareAlike 4.0 the short circuit current density (Jsc), has not been adequately addressed. Therefore, in
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this investigation, parametric analyses were conducted to study the DSSC electrode
thickness effect on Js.. Diffusion model was used to derive the equation of nanoporous
semiconductor film thickness (d) dependence on Js.. TiO» paste was prepared by mixing
TiO, powder, acetic acid, PEG 6000, and deionized water with 0.3:0.1:0.1:6 mass
proportion. The cells I-V curve were characterized using a computerized digital multi-
meter (Keithley 2400) with a variable load. The cells short circuit current (Js) data
gotten from the I-V characterization were plotted as the function of the thickness of TiO;
films. The result of the data plot was then compared and fitted with the theoretical
modelling result. It is apparent that the DSSC performance largely depends on the TiO2
film thickness. The results was also showed that the diffusion model provided
mathematically good approximation to describe the dependence of Jic on the film
thickness of DSSC.
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1. Introduction

Dye-sensitized solar cells (DSSC) made of TiO, semiconductor have received large attention since
O’Regan and Gratzel published their work in Nature in 1991 [1]. The research has been developed
rapidly and a large amount of work has been made to rise the device efficiency from 7.1% in 1991 to
13% in 2014, a level which is necessary for commercial use [2]. Dye sensitized solar cells are well
known as a cost-effective photovoltaic device because of its cheap materials and simple fabrication
process compared with high-cost conventional silicon solar cells [3]. The impurity in the
semiconductor of a DSSC causes less effect on the cell performance compared with a conventional P—
N junction-based solar cell because the electron injection and recombination processes occur at the
TiOo/electrolyte interface [4], [5], which made the fabrication of DSSC can be more simple and
economical. The current research on DSSC was focus on the material manufacture and theoretical
modeling for better understanding of the basic working mechanisms [6]-[11].

The diffusion model that simplified the actual DSSC mechanisms with consideration of all the
important material properties, cell design parameters, and operational parameters had been developed
to obtain an explicit expression for the photocurrent as a function of the film thickness, light
absorption coefficient, and light intensity by [12]. Recently, Gomez and Salvador [13] used the same
diffusion model to study how the open-circuit photovoltage varied with the film thickness and the
light intensity. Several studies have been conducted to determine the effect of the TiO, electrode
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thickness on the DSSC performance. However, the effect of the electrode thickness on the J-V
characteristics, especially the short circuit current density (Jsc), has not been sufficiently addressed.
Therefore, in this investigation, parametric analyses were conducted to study the DSSC electrode
thickness effect on Js; and to optimize the thickness for the highest energy conversion efficiency.

2. Device Modeling

Figure 1 shows the working principle of DSSC. The photon is absorbed by the dye (1) and make it
excited (2). Electron is injected from the excited dye to the semiconductor film (3) and then diffuse
the TCO (4). The electron is then transferred to external load and then reach the counter electrode (5)
in which it is transferred to the redox electrolyte (6). To complete the cycle the electron is then used
by the electrolyte to regenerates the dye (7). Reaction 1 to reaction 7 are the forward reaction of
DSSC. However, in DSSC beside these forward reaction there also backward reaction. The dye
probably back from its excited state to its normal state spontanously by emiting photon back (a)
without injecting an electron to the semiconductor film. The electrons in the semiconductor film
conduction band can recombine with the oxidized dye (b) and the triiodide species of the electrolite
(c). In our model the backward reaction that be considered was just the c reaction.

The total electron current density in the semiconductor film of DSSC is

on
€ +en 1w E, 1
ax e:ue ()

J. =€eD,

where e, E, De, ue, and ne are the electron charge, electrical field, electron diffusion coefficient,
mobility and density respectively. The first term on the right hand side is the diffusion current and the
second term is the drift current. In this approach the drift current was neglected compared to the
diffusion current.

The recombination rate of the conduction band electrons R. to the triiodide species is derived
from first order kinetic arguments and by introducing a mean electron lifetime z.. The recombination
rate is assumed to be proportional to the deviation of electron density n. from its (dark) equilibrium
value

Re —__¢e . e (2)
The photon flux is assumed given by
B4, X) = gy (2)e™ ", ®3)
s0, the incident photon rate is
o¢ ax
_& = a¢oe ) (4)
and the electron generation rate is
0 —ax
G(x)= Tinj (_a_fJ = inj age ™, 5)

where ¢o, o, and iy is the incident photon flux, absorption coefficient, and electron injection
efficiency from excited dye to the semiconductor. In this model the value of #in; is assumed equal to 1
(one photon generate one electron in the photo-anode).
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Figure 1. Working principle of DSSC
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The continuity equation of the charge carrier number density in the cell is

J 8
—L+e—+eG,(x)—eR, (x)=0, 6
FVRL c(X)—eR.(X) = (6)
for steady state equation we have
on
—=0, 7
. ()

s0, with neglecting the carrier drift currents, we have
o'n, n-n + hor e
L L
with L is diffusion length defined as

L =D (10)

Solving this differential equation for electron in the conduction band of TiO, we get the electron
density

=0, (8)

n,(x) =n,+acosh| — |+bsinh| — |+ ——"~ a% e exp(—ax) (11)
Le Le 1-a’L?
Then the current density is
(12)
Jo(x) = eD(isinh [ij+£cosh [Lj—mexp( ax)J (13)
L (L) L L) 1=
The a and b constants can be evaluated using these following boundary conditions
n,(0)=n, ;without bias (14)
LY — (15)
OX |og

where ne is the electron density in equilibrium (dark) condition. The total electron short circuit
current density is equal to the current density through semiconductor and TCO boundary (at x = 0)
without bias, then

_e4Dr.a ot 1 tanh( d }L aexp(—ad) (16)
Te
3. Experimental Details

jtotal -
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3.1 TiO; Spin Coating Preparation

TiO; paste was prepared using same method as Ref. [14]. TiO, powder was mixed with acetic acid,
PEG 6000, and deionized water with 0.3:0.1:0.1:6 mass proportion. The mixture was sonic bathed for
30 minutes and then stirred at 500 rpm for 2 hours. The TiO; solution was spin coated on cleaned
FTO glass substrates 5, 10, 15, 25, and 35 times to made 5 TiO; films with different thickness. The
TiO, films were heated at 80 “C for 30 minutes and then annealed at 450 °C for 1 hour.

[

3.2 Electrolyte Preparation

The electrolyte was prepared based on Ref. [15]. Acetonitrile (20 ml) was mixed with ethylene glycol
(5 ml) and then stirred for 5 minutes. 1.08 gram of KI powder was dissolved in this mixture solvent
until homogenous, then 0.21 gram of I, crystal was added into this solution. Let the solution be stirred
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for 30 minutes to make homogeneous mixture solution of 0.6 mol/L KI + 0.075 mol/L I, which gave
the optimum support to the cell efficiency based on the result of [15].

3.3 DSSC Fabrication

The TiO; films were immersed in B-carotene solution (in absolute ethanol solvent) for 5 minutes and
dried at room temperature to make the photo anode. The photo anode was then sandwiched with
carbon coated FTO glass (counter electrode). The electrolyte solution was dropped on the slits
between the photo anode and the counter electrode and let it diffuse through the photo anode film.
The cell then sealed with paper clip binder.

3.4 Characterization and Data Analysis

The thickness of the semiconductor film was measured with ellipsometer measurement and
ellipsometry data fitting analysis. Based on Ref. [14], the TiO; film thickness from one deposition
process was 0.3 pm. From this result, the initial thickness input value for data fitting process of each
TiO, films was setted to be 1.5, 3, 4.5, 7.5, and 10.5 um. The cells I-V curve were characterized using
a computerized digital multi-meter (Keithley 2400) with a variable load. The cells photoelectron
current density (J) and photovoltage (V) were measured with a 0.25 cm? active area. The cells short
circuit current (Jsc) data gotten from the I-V characterization were plotted as the function of the
thickness of TiO; films which was gotten from ellipsometry fitting result. The result of the data plot
was then compared with theoretical graph based on equation (16).

4. Results and Discussions

Based on the ellipsometry data fittting results, the TiO- film thickness were 1.5, 3, 4.5, 7.5, and 10.5
um as shown in Table 1. Figure 2a shows the typical current-voltage characteristics of TiO./p-
Carotene Dye sensitized DSSC for various film thickness of TiO- films. Figure 2b shows the data plot
of Js. versus film thickness. It is apparent that the DSSC performance strongly depends on the TiO;
film thickness. It was found that the Jsc was increased rapidly with the increase of film thickness up to
1.5 um and then decrease slowly as predicted by equation (16).

The dependence of Jsc on the film thickness can be explained by the electron photogeneration
phenomenon. The increase in electrode thickness directly increases its internal surface area for a given
porosity and pore size [16], [17]. Higher internal surface area resulting in a higher dye loading which
mean higher photon absorption. These lead to higher electron generation and injection from dye to the
semiconductor film. However, if the electrode thickness is larger than the photon penetration depth,
the number of photons useful for electron photogeneration will reach the limit and, therefore, Jsc
cannot be increased any further. Instead, an increase in the thickness beyond the light penetration
depth yields more recombination centres that cause a higher electron loss and, thus, a gradual
reduction in Jsc [18].

The plot of Js versus film thickness in Figure 2 was seen different with the results of Ref. [19]
work which used SnO; as the semiconductor film material. This result was also seen different with the
results of Ref. [20] and Ref. [21] work which used TiO; as the semiconductor film material. The data
plot and the theoretical modeling (equation (16)) fitting results of the Ref. [19], [20], and [21] work
was shown in figure 3 together with the TiO»/pB-Carotene Dye sensitized DSSC. The practical initial
parameters value input for fitting process were listed in Table 2 and the parameters value after fitting
process were listed in Table 3. The fitting process was done by using Microcal Origin 6.0 software.

Table 1. The initial input and after fitting value of semiconductor film thickness.

Initial input thickness value (um) Thickness value after fitting (um)
1.50 1.494
3.00 2.998
4.50 4.482
7.50 7.487
10.50 10.492
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Figure 2. The I-V data of five DSSC samples with different thickness (a) and the plot of Jsc versus film thickness data with
equation 16 graph (b).

Table 2. The input of cell parameters value.

Parameter symbol Parameter description Parameter value Source
e The electron charge 1.60218 x 10°C -
(L) The incident photon flux 1.0 x 10" cm2s? [22]
Le The electron diffusion length 1x103cm [13]
o The absorption coefficient 5000 cm'? [13], [23]
Table 3. The cell parameters value after fitting process
Parameter Ref. Ref. Ref. TiOy/B-Carotene Dye  Description
e 1.60218 x 10° C 1.60218 x 10° C 1.60218 x 10°C  1.60218 x 10 C Constant
(L) 1.1369 x 10" cm?s?  1x10Y cm?s? 0.7x 107 cm?s! 0.6 x 10* cm?s? Fitted
L. 1.5x10%cm 5.79x10%cm 1.83x 103 cm 7x10%cm Fitted
o 1999.84138 cm'? 1129.89018 cm'? 289.74294 cm't 3627.04462 cmt Fitted
e 2.7296 x 10”7 41116 x 10”7 47175 x 108 5.9549E-10
R? 0.94513 0.98509 0.96157 0.9141
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Figure 3. The data plot Jsc versus film thickness data with the theoretical modeling fitting results of B-Carotene Dye based
DSSC (a), Ref. [19] (b), Ref. [20] (c) and Ref. [21] (d)
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Based on Table 3, it was found that equation (16) mathematically has good agreement with
each data plot in figure 3a, 3b, 3¢ and 3d due to their R? values which was in the range 0.9141-
0.98509. However, except for Figure 3b which was use SnO; not TiO; as the semiconductor film
material, the difference between the fitting results parameters values in figure 3a, 3c and 3d were too
far from the initial parameters input values. This was because Figure 3a, 3c and 3d has limited data
plot. From the plot of equation (16) which was the same as the figure 3b fitting curve, we found that
there were two range of Jsc-d data plot. The first range was the zero to optimum film thickness where
the Js rapidly increased with the increased of film thickness, while the second range was the range
after the optimum film thickness where the Jsc slowly decreased with the increased of film thickness.
We found that for Figure 3a, all of the data plot were in the second range, while for Figure 3c and 3d
almost all of the data plot were in the first range. That’s why we can’t got proper fitting results of the
parameters values in figure 3a, 3c and 3d data plot. Therefore, this results showed that the diffusion
model provided good approximation to describe the dependence of Js. on the film thickness of DSSC.
However, in order to properly evaluate the DSSC internal properties such as diffusion length, electron
life time and absorption coefficient, proper amount of Js.-d data plot was needed.

5. Conclusion

The Jsc of TiO2/B-Carotene Dye sensitized DSSC strongly depended on the TiO2 film thickness. The
Jsc was increased rapidly with the increased of film thickness up to 1.494 um and then decreased
slowly as predicted by equation (16). The diffusion model provided good approximation to describe
the dependence of Js. on the film thickness of DSSC. However, in order to properly evaluate the
DSSC internal properties such as diffusion length, electron life time and absorption coefficient, proper
amount of Js.-d data plot was needed.
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