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This paper investigates the effect of ageing on the performance of dye-sensitized solar cells (DSCs). The electrical characterization
of fresh and degraded DSCs is done under AM1.5G spectrum and the current density-voltage (J-V) characteristics are analyzed.
Short circuit current density (J.) decreases significantly whereas a noticeable increase in open circuit voltage is observed. These
results have been further investigated electroanalytically using electrochemical impedance spectroscopy (EIS). An increase in net
resistance results in a lower Jg for the degraded DSC. This decrease in current is mainly due to degradation of TiO,-dye interface,
which is observed from light and dark J-V characteristics and is further confirmed by EIS measurements. A reduction in the
chemical capacitance of the degraded DSC is observed, which is responsible for the shifting of Fermi level with respect to conduction
band edge that further results in an increase of open circuit voltage for the degraded DSC. It is also confirmed from EIS that the
degradation leads to a better contact formation between the electrolyte and Pt electrode, which improves the fill factor of the DSC.
But the recombination throughout the DSC is found to increase along with degradation. This study suggests that the DSC should

be used under low illumination conditions and around room temperature for a longer life.

1. Introduction

The metal oxide based dye-sensitized solar cells (DSCs)
have attracted significant attention of researchers in recent
years, because of their economic fabrication process and
efficient working under diffuse illumination. The highest
certified device efficiency has reached 11.9% [1]. A DSC
module of large area (100 cm?) has been demonstrated with
an efficiency of 8.4% [2]. The DSC was explicated by O’'Regan
and Grétzel [3], which operates by exposing dye molecules
to light that releases excited electrons to oxidize the dye,
which is then restored by electron donation from the redox
couples (iodide/triiodide, I"/I;7) in the electrolyte. The redox
couples are then revived by counter electrode with electrons
extracted from the working electrode via the external load
circuitry. Though the DSCs have demonstrated a highly
promising performance instantly, the long term performance

plays a major role in the commercialization of a solar PV
technology. The poor stability of DSC is mainly directed
by the degradation mechanism occurring at different layers
of the device after prolonged operation. So, the analysis of
the degradation mechanisms within DSC is of great interest
to explore the factors affecting the performance of DSCs.
Only a few papers present the stability studies of DSC
[4-9]. Different techniques have been used to analyze the
degradation mechanisms in DSCs; Uam et al. [10] used UV-
vis absorption spectroscopy to identify that the desorption
of dye on the TiO, surface was the reason for current
density reduction in an aged cell. Additionally, Tatay et
al. [11] accompanied the UV-vis absorption spectroscopy
with luminescence and cyclic voltammetry and observed
that organic dyes formed molecular aggregates which could
deteriorate the device efficiency. Also, there are few studies
which used electrochemical impedance spectroscopy (EIS)
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FIGURE 1: Schematic diagram representing the components of (a) fresh DSC and (b) degraded DSC.

to investigate degradations in ageing DSCs [4, 8] but they
lack in-depth understanding on the correlation of electron
kinetics with the device performance.

In our previous report, we have analyzed the interfacial
losses in large area DSCs [12]. In continuation with previous
studies, this article reports the electroanalytical analysis of
various degradation mechanisms within DSC of compara-
tively larger area (= 3.78 cm?®) for a gap of 45 days using the
EIS technique. A schematic diagram to show the mechanisms
of degradation in the reported DSC is shown in Figure 1.

2. Experimental

The details of the fabrication of DSCs are discussed in our
previous work [12]. In short, FTO thin films, about 1 mm
thick, were spray-deposited on Corning glass sheets. Silver
grid lines (with 12mm intervals) were deposited on the
above FTO using Ag paste. Mesoporous TiO, was deposited
between silver grids after which the samples were dipped into
a3 mM solution of N719 dye for 12 h. Counter electrodes were
prepared by lightly sputtering Pt (50 nm) on L.Imm thick
titanium metal plates. For each cell, photoelectrodes and
counter electrodes were sandwiched, and UV was irradiated
to cure the sealant while using a mask to cover the dye
coated area. The active area of the fabricated cell is 3.78 cm”
(fabricated by SPD laboratory, Japan).

The photovoltaic measurements were carried out using a
solar simulator (Photoemission Tec SSS0AAA with 1.5AM-
G filter) and a source measuring unit (U2722A, Agilent).
A three-electrode potentiostat (CHI 660D) equipped with a
general purpose software was used for the EIS measurements.

The working electrode was connected to the positive terminal
of the cell whereas the counter electrode and reference elec-
trode were shorted and connected to the negative terminal of
the DSC. An AC perturbation signal of 10 mV (root-mean-
square voltage) was applied in the frequency range of 10 mHz
to 1000 kHz during the EIS measurements. The inductive
effect between the connecting leads and the potentiostat were
taken care of during the experiments.

3. Results and Discussion

3.1 J-V Analysis. Figures 2(a) and 2(b) depict the light
and dark J-V characteristics of a fresh and degraded DSC,
respectively. As received DSC shows a power conversion
efficiency (#) of 4.0%, short circuit current density (Jgc) of
9.92mA/cm?, open circuit voltage (Vo) of 0.65V; and fill
factor (FF) of 60.9%, but after degradation # reduces to 3.6%
with Jge of 774 mA/cm?, V¢ of 0.685V;, and FF of 67%.
From the above observation, it is clear that the drop in Jg¢
has played a vital role in degradation of the device. This
significant loss in Jg¢ in the degraded cell may be attributed
to the increased recombination and resistive losses in the
device. In DSCs, the recombination loss is mainly associated
with (i) electron recombination from TiO, conduction band
and deep and shallow level traps to the electrolyte and (ii)
electron recombination from the uncovered layer of FTO to
the electrolyte [13]. Conversely, the resistive losses are mainly
linked to the resistance at FTO-TiO, interface, resistance due
to the diffusion of redox species in the electrolyte, the charge
transfer resistance at platinized counter electrode-electrolyte
interface, and sheet resistance of FTO [14, 15].
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FIGURE 2: (a) Current density-voltage (J-V) characteristics of fresh DSC and degraded DSC. (b) Dark J-V for fresh and degraded DSC.
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FIGURE 3: (a) Ry of both cells calculated by EIS. (b) Ry of both cells calculated by light J-V.

Vo and FF have been surprisingly observed to improve
along with the degradation of the cell. The improvement in FF
can be ascribed to the formation of better contact between the
electrolyte and Pt electrode along with degradation [16]. The
increase in V5 of degraded DSC has been observed by Lai et
al. [4]. The increase can also be attributed to greater photon
flux received by the dye, the reduction of I’~ concentration,
or reduction of dye cation concentration.

To get further understanding about the degradation of
DSC, the J-V characteristics are calculated by ] = J, exp((gV +
JRg)/mkgT) — Jsc, where ], is the dark exchange current, Ry
is the series resistance, m is the diode ideality factor which
depends on the rate of recombination reaction of electrons,

oxidized species in the electrolyte, and the distribution of
recombination sites [17], and g, kg, and T represent the
electronic charge, Boltzmann’s constant, and cell tempera-
ture, respectively. The equation above can be reduced as
(considering J, as negligible to Jo) dV/d] = Rg+ (mkgT/q) -
(1/Use - 1)) [18,19].

Figure 3(a) shows plot of —dV/d] versus (Jgc — N
for fresh and degraded DSCs in which a linear fit is made
to the experimental data to estimate the values of m and
Rg. For fresh DSC m and Rg are obtained to be 1.18 and
0.65Q cm? and for degraded DSC they are obtained as 1.22
and 0.76 Q cm?, respectively. Figure 3(b) shows plot of Rg
versus voltage for fresh and degraded DSCs. The increase in
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FIGURE 4: Nyquist plot for fresh DSC (a) at 0 bias, (b) near knee voltage, and (c) near V¢, respectively. Nyquist plot for degraded DSC (d) at

0 bias, (e) near knee voltage, and (f) near V., respectively.

Rg of 0.12Q cm? for the degraded DSC can be considered
as one of the possible reasons for increase in resistive
losses resulting in lower ¢ in degraded cells. Furthermore,
the shunt resistance for the fresh and degraded DSCs is
obtained as 1552 Q cm” and 2845 Q cm?, respectively. The
increased shunt resistance due to degradation is responsible
for improvement in the FF and V{, of the degraded DSC.

No conclusive evidence for the cause of degradation
can be identified solely with analysis of J-V characteristics,
as the DSCs have a complex device structure, nonlinear
recombination mechanism, and indivisible device param-
eters. So, in order to have a conclusive evidence for the
observed degradation the DC and AC characterizations,
that is, impedance spectroscopy (IS) and J-V, are combined
together.

3.2. EIS Analysis. Electrochemical impedance spectroscopy
(EIS) is used to identify the performance limiting factors
leading to degradation of DSCs. Using EIS the various
physical processes can be modelled (under the appropriate
conditions) in terms of resistive and capacitive elements
[20]. The aim of this article is to compare the fresh DSC
and degraded DSC, which can be done on the basis of
selected crucial parameters with a simplified model as com-
pared to the transmission line model. The transmission
line model is generally used to describe the working of a
DSC in detail, which was not required in this case. The

characteristic impedance spectroscopic data measured under
dark conditions of the fresh and degraded DSCs depicts the
contribution from various charge transport layers as shown in
Figure 4. In order to analyze the data the Nyquist plot is used,
which shows different arcs to represent different processes
occurring within the device with respect to frequency. This
method helps in quantifying the dynamic features of the
system to compare their values. From the Nyquist plot (Z’
versus Z'') the value of resistance can be estimated by the
width of the arc in the real axis. As described in device
operation, several interfaces in the DSC involve high level
of electron transfer and transport. These processes include
charge transport through porous TiO, layer, electron transfer
at TiO,-dye/electrolyte interface, I3~ diffusion region in
electrolytic medium, and electron transfer at electrolyte/Pt
interface. Another important representation is the Bode plot,
that is, |Z| versus frequency and phase versus frequency
plots. The resistances can be obtained from the plateaus. The
important aspect of this plot is that w information is not lost.

3.2.1. At 0 Bias. Figures 4(a)-4(f) show the Nyquist plot of
the fresh and degraded cells under various bias in dark con-
ditions. The line following the experimental data in Figure 4
represents the theoretical fit. Figures 5(a)-5(f) represent the
Bode plots for the fresh and degraded DSCs. The fitting of
the experimental data is done using the equivalent circuit
as shown in Figure 6(a). At zero bias, that is, when the
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FIGURE 5: Bode plots for fresh and degraded DSC (a-d) at 0 bias, (b-e) at knee voltage, and (c-f) at V,, respectively.

device is under nonconducting state, a standard Nyquist plot
is observed for fresh DSC [21]. But, for a degraded DSC
there is an increase in magnitude of impedance, which can
be attributed to increase in R, (at FTO-TiO, interface). R
for the fresh and degraded DSC from the EIS measurements
are estimated to be 0.63 Q cm® and 0.78 Q cm?, respectively,
which are well in agreement with that obtained from J-V
measurements. Figure 5(a), that is, the Bode plot at zero bias,
shows the change in Rg. The height of the plateau region
for the degraded cell has increased which depicts change in
R, as observed in impedance. Also the change in height of
the plateau shows change in R,. Xue et al. [8] have showed
that increase in resistance R, is caused due to formation of
cracks in TiO, photoelectrode. The Bode plot of phase versus
frequency follows almost a similar trend for both the fresh
and degraded DSCs.

3.2.2. At Knee Voltage (the Voltage at Maximum Power Point).
The EIS for the DSCs near knee yields two semicircles with
their frequencies corresponding to TiO,-dye/electrolyte and
electrolyte/Pt, but the dominant semicircle represents TiO,-
dye/electrolyte medium which depicts the Nyquist feature of
Gerischer element and overall impedance of the cell decreases
with increase in bias [22, 23]. The Gerischer element orig-
inates from the FB reduction of I,~ ions by electrons from
the conduction band of TiO,(1/2)I; + e (TiO,) = (3/2)I"
[24]. It can be clearly observed from the EIS for the fresh

and degraded cells that resistance R, (resistance at TiO,-
dye/electrolyte interface) has reduced dramatically for the
degraded devices. This reduction in R, can be attributed to
reduction in electron collection from TiO, to FTO electrode.
In the Bode plot at knee voltage (Figure 5(b)), the slope for
degraded cell changes dynamically, which shows the increase
in R,. Furthermore, electron lifetime (7,) can be estimated
from Figure 5(e) using the relation 7, = 1/2nf,,. [24, 25],
where f. .. represents peak frequency. 7, for fresh DSCs
is observed to be higher than that for degraded samples.
This reduction in 7, reduces the diffusion of the I~ ions in
electrolyte, which increases the concentration of I’ ions at
the TiO,-dye/electrolyte interface, which further increases
the recombination leading to degradation in performance of
DSCs.

3.2.3. Near Open Circuit Voltage. The Nyquist plot near V¢
shows three semicircles representing all three regions within
the device. Interestingly for the degraded DSCs with increas-
ing bias the circle representing TiO,-dye/electrolyte interface
decreases and that for electrolyte/Pt interface increases. In
the Bode plot we observe two characteristic peaks: the peak
at lower frequency corresponds to the TiO,-dye/electrolyte
interface and that at high frequency corresponds to elec-
trolyte/Pt interface. The peak for TiO,-dye/electrolyte inter-
face is lower for degraded DSC as compared to fresh ones
corresponding to reduction in charge transfer at the interface.
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While comparing the Nyquist plots for fresh and degraded
DSC for electrolyte/Pt interface, we observe a higher peak for
the degraded DSC, which validates better charge transfer at
the interface. Hence we can say that degradation of DSCleads
to better contact formation between the electrolyte and Pt.
This better contact formation is further responsible for higher
FF and V{5 for the degraded DSC [16].

Figures 6(b)-6(d) show the plots for R;, R,, and R; versus
voltage for the fresh and degraded cells. The lower value of
R, for degraded cell throughout the bias in Figure 6(b) is one
of the reasons for the reduction in Jg-. R, for degraded cell
is higher than fresh cell till V., beyond which it decreases,
which signifies low charge transfer within the device for the
degraded DSCs. Interestingly, R; (resistance at electrolyte/Pt-
FTO interface) for the degraded cells is observed to be lower
than that for the fresh ones. This reduction in R; may be

attributed to better charge transfer between the electrolyte
and Pt, which validates the observation in Bode plot and
further justifies the enhancement in FF and Vy due to
degradation. The sum of all resistances, R; + R, + R;, gives
rise to higher net series resistance resulting in lower Jgc.
With increasing resistance a drop in chemical capacitance,
C,, is observed within the device signifying lower electron
injection into the conduction band of TiO,. Bisquert [20]
showed a direct dependence of C, on the difference between
the positions of electron Fermi level with respect to the
conduction band. The lower value of C, results in shifting
of the Fermi level towards the conduction band edge, which
further results in increase in V- due to degradation.
Bisquert and Mora-Ser6 [25] have indicated that the elec-
tron back recombination rate (U) is nonlinear in a DSC. This
nonlinear nature of the recombination can be represented
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using the reaction rate 3, which is expressed as U = k,n’,
where k, is a constant and # is free electron density. The order
of recombination, 3, ranges from 0 and 1. A recombination
order of 1 indicates a simple unimolecular recombination via
conduction band states. Generally, for DSCs a recombination
order of the range between 0.6 and 0.8 is observed [26, 27].
The detailed role and estimation of 3 in DSCs are reported
in our previous work [12]. The plot for estimation of f3 is
shown in Figure 7(a). The f values for fresh and degraded
DSCs are estimated as 0.85 and 0.81, respectively. Sarker et
al. [27] have expressed the dependence of Vi on S as V¢ =
(kgT [qB)In(Jpg;/J,)- From the above equation it can be stated
that the decrease in f3 along with degradation is responsible
for the decrease in charge collection due to recombination
and also for increase in V.

As reported by Wang et al. [21], the chemical capacitance
C, can be expressed as C, = Cyexp(—aqVp/kgT) =
Coexp(—qVyp/kgT,), where a is related to the exponential trap
distribution of electrons below the conduction band or it is
simply a band gap modulation factor. The plot of In C, versus
applied bias for the fresh and degraded DSC is shown in
Figure 7(b). The linear fit of the graph provides the value of
«. The value of « for fresh and degraded DSC is obtained as
0.47 and 0.45, respectively. The decrease in « again proves the
shifting of Fermi level as observed in EIS, which is responsible
for increase in V5 and fill Factor along with the degradation
of DSC.

The net terminal J-V characteristic of DSC is given by [28]

V+j.aR

Jeen = ]ph_]o [exp(%) _ 1:|
B

i @)

RSH

TABLE 1: Parameters used for simulating the experimental J-V curve
for fresh and degraded DSC.

Parameters Fresh DSC Degraded DSC
(Sgri;slzr)esistance, Rg 0.65 076
Photocurrent density, 973 764

Ton (mA/cm?)

Order of 0.85 0.81
recombination, f3

Reverse saturation 2.23F — 07 1.59E — 07

current, J, (A/cm?)

where the term J[exp(qBSV i [kgT) — 1] indicates the depen-
dence of charge transfer current on the applied voltage
and can be approximated through simplified Butler-Volmer
equation [22, 29] which is essentially the same as the diode
equation describing the dark J-V characteristics. The param-
eters extracted from the EIS measurements of the fresh and
degraded DSCs are listed in Table 1. Using these parameters
and equation above the simulated J-V was generated and
fitted on the experimental data. The fitting of simulated and
experimental J-V for fresh and degraded DSC is shown in
Figure 8. A good fit of the experimental data suggests a very
good evaluation of the performance parameters from the
EIS measurements, which further validates the conclusions
driven.

4. Conclusions

This paper investigates the effect of environmental parame-
ters on the performance degradation of DSC. The electrical
characterization of fresh and degraded DSC is done under
AM1.5G spectrum and the current-voltage characteristics
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are analyzed. The short circuit current decreases signifi-
cantly whereas a noticeable increase in open circuit voltage
is observed. These results have been further investigated
using electrochemical impedance spectroscopic techniques.
It is found that the decrease in current is mainly due
to dissociation of dye molecules with respect to exposure
to ambient environmental conditions, which is confirmed
by dark I-V analysis. The increase in V is attributed to
Fermi level realignment which is investigated by impedance
spectroscopy in the range of applied bias from —0.7 V to 0 V.
It is found that recombination increases along with ageing of
DSC. The study suggests that DSC should be used under low

illumination conditions and around room temperature.
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