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Y, Eosin B and Mercurochrome and compared their performance to that of the more common N719
dye. We observe that these dyes efficiently sensitise commercial ZnO nanopowder and yield effi-
ciencies that are very competitive with respect to those provided by N719. Local photocurrent and
transmittance measurements as a function of the wavelength confirm the good performance of the
xanthene dyes in the absorption maxima. We have prepared polymer-sealed cells and measured
the short-circuit current of the devices under continuous illumination at 200 mW/cm? correspond-
ing to twice the standard solar light intensity. The organic dyes show very good stability properties
under these conditions. The combination of a versatile metal oxide such as ZnO and inexpensive
organic dyes should be considered as a promising alternative in the field of dye-sensitised solar
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1. Introduction

Dye-sensitised solar cells (DSSCs) based on nanostructured
high-bandgap semiconductors have received considerable atten-
tion since the seminal work of O’'Regan and Grdtzel in 1991 [1].
DSSC devices exhibit very attractive features for the photovoltaic
industry due to the low cost of the materials and the relative sim-
plicity of their manufacture procedure [2]. The efficient functioning
of DSSCs is based on the combination of a mesoporous metal oxide
derivatized with an appropriate sensitiser that acts as a light har-
vester (commonly a ruthenium complex) and an appropriate redox
couple (typically I3~ /I7). The current efficiency record is 11.1% [3]
and large-scale (pilot plant) fabrication of DSSC modules with 6-7%
efficiency has been demonstrated [4].

A DSSC consists of a photoanode, an electrolyte solution, and a
counter electrode in a sandwich configuration using a polymer sep-
arator and sealant. The photoanode is prepared by adsorbing the
dye onto a nanostructured, mesoporous metal oxide substrate on
a transparent conducting oxide (TCO) electrode. The counter elec-
trode consists of a platinised TCO electrode that is placed on top of
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the working electrode, separated by a polymer sealant. The device is
then filled with a suitable liquid or semi-liquid electrolyte in which
the redox couple has been dissolved. Although TiO, (anatase) is by
far the most utilized semiconductor in DSSCs, ZnO has been also
investigated [5]. ZnO exhibits very similar photoelectrochemical
and transport properties as TiO, and has the additional advantage
that it is suitable for the easy fabrication of nanostructures such
as nanorods and nanotubes that might improve performance. Nev-
ertheless, the efficiency of ZnO-based solar cells remains far from
their TiO, counterparts. To our knowledge, the best efficiency for
ZnO0-based solar cells at 1 sun illumination is 3.4% when an electro-
hydrodynamic method is utilized [6], and 4.1% when the ZnO film is
deposited via a pyrolysis procedure [ 7]. The low performance of ZnO
cells has been ascribed to poor sensitisation with the most common
ruthenium-based dyes [5,8-10], which has been attributed to par-
tial dissolution of the ZnO and formation of aggregates with the
dye.

On the other hand, it has been reported that ZnO performs par-
ticularly well when sensitised with organic dyes such as Eosin Y
[11-14], Mercurochrome [15,16] or Rose Bengal [17]. Organic dyes
such as these are inexpensive and do not rely on the availability
of precious metals such as ruthenium. They also have high extinc-
tion coefficients and their molecular structures contain adequate
anchoring groups to be adsorbed onto the oxide surface. Moreover,
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they are especially interesting when used in combination with ZnO
due to the disadvantages of using Ru-based dyes with this oxide
[18].

In this paper we present a comparative study of the photo-
voltaic performance of ZnO nanostructured electrodes sensitised
with xanthene dyes and the more common N719 dye. We use
nanoparticle suspensions prepared from commercial ZnO powder
to fabricate DSSC devices, and their photovoltaic characteristics are
measured under simulated sunlight. Special attention is paid to the
sensitisation behaviour and the stability of the devices. In addition,
in order to ascertain the benefits of the xanthene dyes as suitable
candidates to replace Ru-based dyes in ZnO-based cells, we used
high light intensity and cells of 1 cm? for prolonged testing.

2. Materials and methods

Photoelectrochemical experiments were carried out using dye-
sensitised ZnO mesoporous films in a thin layer solar cell. The
ZnO films were prepared from commercial colloidal ZnO powder
(Degussa VP AdNano®Zn020) with an approximate nanoparticle
size of 20 nm (see Fig. 1.) The powder was mixed with water and
ethanol (30:70) and stirred overnight to obtain a colloidal suspen-
sion of 30 wt.% ZnO.

The solar cell devices were prepared using the following proce-
dure. The suspension was spread onto a F-doped SnO, transparent
electrode (TCO15, Hartford Glass Company) with a glass rod and
then dried in air. Scotch tape (~50 wm) was used for controlling
deposition. The film was then heated to 420 °C for 30 min. The film
thickness ranged between 10 and 15 pm after sintering. Sensiti-
sation was performed by immersing the electrodes in ethanolic
solutions of the different dyes employed. A concentration of 0.5 mM
was used for the Ru-based dye known as N719 (solaronix) and
Mercurochrome (Sigma). A concentration of 32 mM was used for
Eosin Y and Eosin B (Panreac). Eosin Y was studied both in salt
(C20HgO0s5BryNay) and acid form (CyoHgOs5Bry) (Fig. 2). The elec-
trodes were immersed in the sensitising solutions for times ranging
from 5 to 270 min.

The counter electrode was prepared by spreading a drop of hex-
achloroplatinic acid (0.01 M in isopropanol) on the conductive side
of another transparent electrode and then annealing at 380 °C for
10 min. The electrolyte solution was prepared by dissolving tert-
butyl ammonium iodide (TBAI), I, and tert-butylpyridine (TBP) in
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Fig. 2. Molecular structure of the xanthene dyes studied in this work.

propylene carbonate (HPLC grade) with concentrations of 0.5, 0.05
and 0.5 M, respectively. Similar as observed for TiO; cells [19], it was
found that TBAI lowers the recombination rate and produces larger
photovoltages [20]. This is especially important for eosin cells, since
in this case TBP was found to remove the dye from the oxide surface.

The ZnO films were deposited in a rectangular arrangement in
order to minimise resistance losses due to the conducting glass. In
order to determine the benefits of using new dyes in large-scale
applications we performed the study on cells with an active area
of 1cm?2. Permanent cells were fabricated by sealing with Surlyn
film (60 wm) heated to 180°C after sensitisation. Two small holes
(1 mm), previously perforated in the counter electrode, were then
used to introduce the electrolyte solution. The holes were sealed
with Surlyn and a thin glass slide pressed under heat.

UV/vis absorbance spectra were recorded on an Ocean Optics
high-resolution spectrophotometer. Short-circuit currents, open-
circuit voltages and current-voltage curves were obtained by
applying an input voltage to the cell from zero to open-circuit volt-
age through a Direct Current Accuracy Operational Amplifier. The
illumination source was a Thermo Oriel Xenon 450W arc lamp
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Fig. 1. TEM micrograph and XRD pattern of the Degussa ZnO nanopowder.
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coupled to a water filter to remove IR radiation and a 325nm
UV blocking filter. The white light illumination intensity was cal-
ibrated to 100 and 200 mW/cm? at room temperature using a
reference solar cell with temperature output (Oriel, 91150). Incident
photon-to-electron conversion efficiencies (IPCE) were measured
by means of a 1/8 m monochromator (Oriel). The light intensity was
determined as a function of wavelength using a calibrated silicon
photodiode (Thorlabs).

The sensitisation efficacy and local photoconversion proper-
ties were analyzed by means of the laser beam induced current
(LBIC) technique [21-27]. In previous work, a new design for a
high-resolution LBIC system was presented, which is based on the
application of an optomechanical device to obtain a very small
laser spot and minimal geometric distortions in conjunction with
a set of mathematical algorithms based on [21,28] internal prop-
erties of the samples to perform automatic focalization. In this
work, measurements with micrometric resolution were carried
out using this versatile computer controlled high-resolution LBIC
system [29]. Two different wavelengths were studied: 532 and
632.8 nm. The intensity of the first was fixed at 4.15 wW whereas the
632.8 nm laser was set to 5.10 wW for N719 cells and 515.0 wW for
Mercurochrome and eosin cells, where the higher light intensity
was needed to obtain similar currents due to the lower absorp-
tion of these dyes in the red compared to that of N719. The LBIC
experiments were performed on sealed cells and the scanned
area was 300 wm x 300 wm. The laser was focused on a surface of
2x 10712 m2,

3. Results and discussion
3.1. Tinction procedure

In the case of ZnO, it has been observed that the time of immer-
sion in the solution of the sensitising dyes is a key factor in the
functioning of DSSCs. We have analysed the effect of immersion
time for N719 and the xanthene dyes, and the results are presented
in Fig. 3. For the N719 dye, there is a critical time of immersion
beyond which the cells yield a lower photocurrent, as was previ-
ously reported in Ref. [10]. On the contrary, eosin produces currents
that do not depend much on the immersion time. Mercurochrome
exhibits a similar behaviour to that of N719, at least within the
time window studied. The dye is adsorbed rapidly, and upon longer
immersion times a systematic decay of the current is observed.
Based on these results, the immersion time was set to 1h for the
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Fig. 3. Short-circuit photocurrent as a function of sensitisation time for the dyes
studied in this work under 100 mW/cm? illumination.
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Fig. 4. Current-voltage characteristics of ZnO DSSCs prepared with different dyes
for various immersion times in the dye solution.

ruthenium dye, 80 min for the eosin dyes and 40 min for Mer-
curochrome.

The immersion time also affects the shape of the
current-voltage curve (see Fig. 4). It is observed that the fill
factor in the N719 cells decreases with sensitisation time whereas
it remains unaffected when the organic dyes are used. In the case
of Mercurochrome cells, longer inmersion times reduce only the
short-circuit current but the fill factor and open-circuit voltage
are not altered. When using eosin the current-voltage curve is
virtually independent of the immersion time used to prepare the
cells. Although not shown, this feature was observed with all the
forms of eosin.

The deterioration of the photocurrent with increasing immer-
sion time has been attributed to partial dissolution of the oxide
in the presence of the Ru dye and to the formation of a complex
with the Zn2* cations [18,30]. This would explain the reduction of
the photocurrent, due to lowering of the effective adsorbed sen-
sitizer concentration, and the fill factor, as a consequence of the
increase of the internal resistance upon deterioration of the semi-
conducting film and the presence of aggregates in the pores. In this
work we observe a similar but weaker effect with Mercurochrome
although, in this case, the photocurrent reduction is not accompa-
nied by a reduction of the fill factor. This result suggests that ZnO
reacts with Mercurochrome. The formation of aggregates of ZnO
and Mercurochrome has been mentioned by Hara et al. [16].

3.2. IPCE spectra

Fig. 5 shows the incident photon-to-electron conversion effi-
ciency (IPCE curves) as function of wavelength for the three dyes.
The IPCEs were convoluted with the AM1.5 standard photon flux
normalized to 100 mW/cm? and then integrated between 450 and
700 nm to test the accuracy of the illumination set-up. The result
for the photocurrent is then compared with the value obtained
under white light illumination with a 400 nm blocking filter. In gen-
eral, the calculated value is higher than observed experimentally,
although the results are within the statistical uncertainty found in
the fabrication of the cells (see below). Note also that the photo-
conversion in the interval 400-450 nm is not considered and this
introduces some error that can be important for N719. These results
are in agreement with the observation that the cells perform bet-
ter under real solar illumination, resulting in short-circuit current
densities around 10-25% higher than obtained with the lamp.

Mercurochrome and eosins absorb mainly in the 500-550 nm
range. When adsorbed on ZnO nanopowder, their action spectra get
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Table 1

Best results for overall efficiencies of 1 cm? ZnO-based DSSCs under white light illu-
mination at 100 mW/cm? (J: short-circuit current, V,.: open-circuit photovoltage,
FF: fill factor, n: electric power conversion efficiency)
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Fig. 5. IPCE (solid lines) and absorbance spectra in ethanolic solution (dashed lines)
for the organic dyes considered in this work and N719. The values of the photocurrent
shown correspond to the integration between 450 and 700 nm of the IPCE data
convoluted with the AM1.5 photon flux at 100 mW/cm?. In parenthesis, the result
of illuminating the cell under white light with a 400 nm blocking filter is indicated.

broader with respect to the absorption curve, so that most of the vis-
ible range is covered. A similar behaviour has been reported in Ref.
[16], where the broadening of the action spectrum was attributed
to the interaction of the ZnO with the dye so that extra energy lev-
els appear in the electronic spectrum of the dye. This “doubling”
of the original HOMO and LUMO levels allows for a broadening of
the optical absorption spectrum and charge injection, as compared
to the absorption spectrum of the isolated dye. A similar effect
could be expected for the eosin molecules. Note that the shape of
the absorbance and action spectra for N719 are essentially identi-
cal, which indicates that the transition energy for electron transfer
from the Ru-center to the bpy-ligands is relatively insensitive to
the presence of linkage between the carboxyl group and the ZnO
surface.

3.3. Current-voltage characteristics

A summary of results for photocurrent and photovoltage results
can be found in Fig. 6 and Table 1. Fig. 6 shows average results for
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Fig. 6. Summary of photovoltaic characteristics under white light illumination
(100 mW/cm?) for 1cm? ZnO-based DSSCs (Jsc: short-circuit current, V,c: open-
circuit photovoltage). Error bars result from independent measurements from 5 to
10 cells per dye.

a series of 5-10 cells per dye, with the respective standard devi-
ation shown as error bars. Reproducibility is not optimal, both in
photocurrent and photovoltages. However, it must be noted that we
worked with 1 cm? cells, which makes achieving good reproducibil-
ity more cumbersome. As shown below in the LBIC experiments,
there is at least 10-15% variability in the local photocurrent at dif-
ferent points of the film. This variability becomes important when
working with large cells.

It is generally observed that the N719 dye produces the
best-performing cells, both in current and voltage. However, Mer-
curochrome cells give values very close to those of the Ru-based
dye. Cells prepared with Eosin Y in acid form also provide compet-
itive currents although photovoltages are generally lower. This is
most probably due to the absence of TBP in the electrolyte in these
cells, as it was found that the presence of TBP results in the removal
of eosin from ZnO surface. The eosin in salt form does improve on
the photovoltage part, but at the cost of lowering the photocurrent.
Eosin B, in contrast, performs rather poorly in comparison with the
rest of the dyes. Fill factors are in the range 0.4-0.6 for most cells
and the efficiencies ranged between 0.4 and 1.2% for the organic
dyes and 1.0-1.8% for N719 cells.

In Fig. 7 the short-circuit current and the open-circuit voltage
are shown versus the light intensity for sealed cells with the N-
719, Eosin Y (acid), and Mercurochrome dyes. The short-circuit
photocurrent is linearly proportional with light intensity up to
200 mW/cm? for the three dyes. On the other hand, the open-circuit
photovoltage is linear with the logarithm of the light intensity
with a slope of ~26 mV, exhibiting ideal diode behaviour for the
three dyes studied. These results show that no substantial change
isinduced in the underlying mechanisms of transport, injection and

T T T -
8 P
| NT19 = |
o Eosin Y (acid form) e
£ 6F | o Mercurochrome g .
ﬁ - ===-_linear fits G—"/ A
E ]
S |
(o )
0 50 100 N 150 200
Light intensity (mW/cm”)
650 , , : , ; e
L | O ~mo o © ey 2T mV
A Fosin Y (acid form) Pedit
~ 600} | O Mercurochrome Q.- Q--- A--—A 25mV |
5 --—-linear fits e A
£ S .t ]
= ‘ P o 26mV
¥ 550} g_ e o8-8 .
> -8
i B _EL-""D ]
500 = -
=] ! : I i ! ;
2 a 4 5 6

In| Light intensity (mWr‘cmz)]

Fig.7. Lightintensity dependence of the short-circuit photocurrent and open-circuit
photovoltage for N719, Mercurochrome and Eosin Y (acid form).
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Table 2

Photoconversion data as extracted from LBIC experiments

Wavelength (nm) Dye Max IPCE (%) Min IPCE (%) Mean IPCE (%) S.D.

532.0 N719 24.4 13.1 19.2 1.2
Mercurochrome 19.7 9.8 15.1 0.9
Eosin Y (acid form) 29.1 15.5 20.3 1.2

632.8 N719 4.30 2.87 3.30 0.11
Mercurochrome 0.159 0.067 0.102 0.014
Eosin Y (acid form) 0.033 0.024 0.027 0.001

recombination when the illumination intensity is increased up to
200 mW/cm?.

Permanent cells with increased long-term stability can be pre-
pared by sealing with polymer as explained above. At this point no
apparent degradation of the organic dyes is observed as a result
of the thermal treatment necessary to prepare the sealed cells
(180°C). In general the sealed cells prepared with Mercurochrome
exhibit the best fill-factors, whereas N719 cells tend to deteriorate
when the cells are sealed (not shown).
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3.4. Local energy conversion performance

The spatial dependence of the efficiency of the cells was
evaluated by means of the LBIC technique [21] in combina-
tion with transmittance measurements. Results are presented in
Tables 2 and 3 and Figs. 8 and 9.

The LBIC mapping technique permits to study simultaneously
the local performance of the cells, dye degradation, and the effi-
cacy of the oxide sensitisation. The overall results confirm the good
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Fig. 8. LBIC and transmittance maps for sealed cells, using the 532 nm laser line. Photoconversion efficiencies (%) and transmittance data (%) are coded using a grey scale,

the white being the maximum value in the selected interval.
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Table 3
Transmittance data corresponding to the LBIC scans in Table 2

Wavelength (nm) Dye Max T ( Min T (%) Mean T (%) S.D.

532.0 N719 6.4 0.2 1.9 0.8
Mercurochrome 33 0.2 0.9 0.4
Eosin Y (acid form) 3.7 0.2 1.5 0.5
No dye 229 1.4 7.9 3.1

632.8 N719 47.4 1.7 16.6 7.2
Mercurochrome 56.2 34 16.5 74
Eosin Y (acid form) 59.3 2.5 17.3 6.9
No dye 50.2 2.6 20.8 7.8

performance of the organic dyes with respect to the Ru-based dyes.
The quantum efficiency of the organic dyes is especially impressive
at 532 nm, however, the efficiency decreases dramatically when the
test is performed at 632.8 nm. These results clearly show that the
main reason for the decrease of overall efficiency for DSSCs with
the organic dyes when compared to the standard N719, is the poor
absorption at wavelengths beyond 600 nm. This conclusion is con-
firmed by the high value of the transmittance for cells with the
organic dyes at 633.8 nm.

For the surface distribution of the local photoconversion perfor-
mance similar results are observed for the three dyes. The regions of
larger photoconversion efficiency are found to correlate well with
regions where a stronger light harvesting is detected. To evaluate
this effect, transmittance measurements were performed simulta-
neously with the LBIC measurements (results in Table 3 and Fig. 8).
Cross-correlation between both sets of data is presented in Fig. 9.

As can be seen in Fig. 8, the regions of higher conversion effi-
ciency correspond to regions where the transmittance value is
lower, and vice versa. This indicates that the light harvesting effi-
ciency is the main factor that controls the performance of the cells.
This result is further confirmed by Fig. 9, where the quantum effi-
ciency values are plotted versus the transmittance along a straight
line in the LBIC scan. An overall linear dependence is found for the
three dyes. Similar results are obtained if the scan is performed
along different lines or directions or using a different excitation
wavelength.

The results in Fig. 9 can be interpreted using the following
expression [31]:

IPCE = ECCE x ¢ x LHE = ECCE x ¢jpj x (1 — T —R) (1)

30

20

IPCE (%)

Transmittance (%)

Fig. 9. Quantum efficiency versus transmittance along a single line in a LBIC-
transmittance scan with the 532 nm laser. Eosin data are displaced upwards by 5%
for clearer presentation.

where ECCE is the external current collection efficiency, ¢y; is the
injection quantum yield, LHE is the light harvesting efficiency, T
the transmittance and R the reflectance. When the other factors are
constant, a plot of the IPCE versus the transmittance should give a
straight line with a negative slope. This is what is actually found in
the LBIC-transmittance data obtained in this study. Furthermore,
the slope is observed to be roughly the same for the three dyes,
indicating that the injection quantum yield (provided the ECCE is
constant) is very similar for the organic dyes and the N719 dye.
Note that the reflectance term will introduce a constant shift of the
IPCE-transmittance data if we assume that there are no significant
differences in the reflectance properties of the film from one point
to another. These results confirm that the lower light absorption
of the organic dyes due to the narrower absorption spectra is the
reason for the somewhat lower efficiencies than obtained for the
N719 dye. In light of these results, improvements in the efficiency
of cells with organic dyes should be achieved by tailoring the dye
chemistry to increase light absorption in the red.

3.5. Stability properties

In order to check the stability of the sealed cells with the
xanthene dyes we have measured the photocurrent under contin-
uous illumination at an intensity of 200 mW/cm?, corresponding
to twice the standard solar light intensity. At higher intensity, the
turn-over rate of the dye is higher and possible degradation mech-
anisms could be accelerated. The results are shown in Fig. 10.
The stability test revealed that the three dyes studied (N719, Mer-
curochrome and Eosin Y in its acid form) produce short-circuit
photocurrents that are virtually constant. This has been verified
for at least 5-8 h and no visible decay is observed over this time
span. Stability test were also performed for loaded cells at the
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Fig. 10. Photocurrent under short-circuit conditions for sealed cells and different
dyes. The illumination intensity was set to 200 mW/cm?.
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maximum voltage point for 2-3 h (not shown). For 200 mW/cm?
illumination intensity the photocurrent was observed to remain
approximately constant in this time interval for Eosin Y and Mer-
curochrome. It should be noted that the continuous illumination
test implies that the cell is heated to approximately 50 °C. In spite
of this, the cell remains stable and provides a constant current under
continuous illumination. These results indicate that good stability
can be obtained with organic dyes, which is essential for the future
development of novel DSSC devices.

4. Conclusions

In this work we have compared the performance of dye-
sensitised solar cells made with commercial ZnO sensitised with
xanthene dyes to the results of cells prepared with the dye of ref-
erence, N719. Dyes such as Mercurochrome and eosin can be used
to fabricate devices that produce DSSCs with a photovoltaic perfor-
mance very competitive compared to the N719 dye. The fill factor
of N719 cells were shown to deteriorate with sensitisation time. On
the contrary, the organic dyes appear more robust in this aspect,
such that the efficiency of the N719 cells is easily matched by
that of the cells with organic dyes. LBIC and local transmittance
measurements show that the main factor that limits the efficien-
cies of the organic dyes as compared with the N719 reference
is their relatively narrow absorption spectrum. Sealed cells with
the xanthene dyes show excellent stability properties, even under
high illumination intensity conditions. These results are promis-
ing and show that, at least for ZnO, commercial organic dyes of
the type studied here can be considered as an interesting alterna-
tive.
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