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Abstract In the present study, we propose an improvement of the anode configuration in Zinc Oxide
based Dye Sensitized Solar Cells (DSSC). Instead of the classical configuration, which is composed by two
different metal oxides: one transparent conducting oxide (TCO) for the substrate and one nanostructured
metal oxide for supporting the dye, the new approach is to use ZnO as unique material. Thus, nanoporous
zinc oxide films have been electrodeposited on a sputtered Al doped ZnO layers with varying thicknesses up
to 6 µm. The evolution of the porosity of the structure has been studied by scanning electron microscope
(SEM) and electrochemical impedance spectroscopy and compared with standard nanoporous ZnO grown
on fluorine doped tin oxide (SnO2:F noted FTO).
This results firstly in the modification of the nanoporous structure morphology and secondly a better
adhesion between the nanoporous layer and the substrate. Organization in the nanoporous material is
enhanced with regular pores arrays and perpendicular to the substrate. Dye sensitized solar cells based on
this simplified architecture present efficiencies up to 4.2% and 4.5% with N719 and D149 respectively as
sensitizers. Higher fill factor and Voc are found in comparison with the one obtained for deposition on the
classical transparent conducting oxide (FTO), which denote improved electrical transfer properties.

1 Introduction

Dye sensitized solar cells (DSSC) are recognized as a
credible option among photovoltaic technologies [1,2]. Al-
though efficiencies up to 11% have been achieved with
TiO2 based anodes, zinc oxide is considered as a promising
alternative material. While both materials present sim-
ilar band gap energies (3.4 eV for ZnO [3] and 3.2 eV
for TiO2 [4] at room temperature), the electrical prop-
erties of ZnO are far superior [5], especially in terms of
electron mobility [6] (115−155 cm2 V−1 s−1 for ZnO vs.
30 cm2 V−1 s−1 for TiO2). Moreover, ZnO is a more reac-
tive material, and enables deposition under various mild
conditions. Indeed this material can be deposited with low
temperature and non-vacuum methods such as chemical
bath deposition [7] (CBD), hydrothermal method [8, 9],
metal vapor transport oxidation method [10], spray depo-
sition [11] and electrodeposition [12, 13] (ED).

We will focus more particularly in this paper on the
electrodeposition technique that is a low cost method suit-
able for large-scale production and deposition on flexi-
ble substrate because of the low temperatures involved.
Since the pioneering works of Peulon et al. [12] and Izaki
et al. [13] published in 1996, and thanks to the large

a e-mail: Servane-Haller@etu.chimie-paristech.fr

number of studies carried out on this topic, the growth
of ZnO by electrodeposition is now well described. In-
deed a large variety of geometries can be achieved by
this method by modifying the bath composition, such as
dense or nanoporous layers (np) [14], nanowires [15] or
nanotubes [16]. . . and many of them have been tested
as anode in DSSC [17–21]. Among other properties such
as transparency or good electron mobility, the material
involved in the anode fabrication has to present a large
developed surface, in order to maximize the absorption
of the incident light by the dye. ZnO nanoporous films
prepared by co-deposition with dye molecules particu-
larly meet these specifications [22]. Thus efficiencies up
to 5.6% have been reached with a nanoporous structure
obtaiend with Eosin Y (EY) as structure directing agent
and with D149 as a sensitizer [23] and an efficiency of 4.6%
is recorded elsewhere in the same conditions [24].

Nanoporous ZnO has been deposited on transparent
conductive oxide (TCO), GaN [25] and metals [26]. Clas-
sically, TCO such as fluorine tin oxide (FTO) and in-
dium tin oxide (ITO) are preferred since it allows a front
side illumination. Both are creating heterojunctions with
electrodeposited nanoporous ZnO resulting into structural
and chemical mismatches, which can limit the electrical
transfer. Homojunction has been performed but only in
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the case of deposition of a buffer layer of ZnO by CVD on
GaN prior electrodeposition of nanoporous ZnO [27]. In
the present study, we explore the possibility to use directly
ZnO deposited by sputtering on glass as substrate, which
could promote optimal interfacial properties thanks to a
homoepitaxial growth and keep interesting optical proper-
ties. In addition, ZnO is more and more substituting those
classical oxides as TCO, especially indium doped tin oxide
and fluorine doped tin oxide because it has the advantage
over the first one that all of its components are abundant
and on the second one that it is possible to deposit it on
plastic foils.

In this work, we have deposited nanoporous ZnO on
sputtered ZnO:Al and studied the influence of the sub-
strate on the morphology and on cell performances in com-
parison with structures deposited on FTO glass.

Optimization has been carried out on this bilayer
structure (sputtered Al:ZnO/nanoporous ZnO) and on the
coloration conditions for two key-dyes: a ruthenium based
dye (N719) [28] and an organic dye (D149) [29]. The first
one is well-known for its good performances on TiO2 [30]
and the second one is reported as promising for ZnO-based
solar cells [31, 32]. Efficiencies up to 4.2% and 4.5% were
achieved with N719 and D149 as sensitizers respectively.

2 Experimental section

Preparation of FTO glass : fluorine doped SnO2 (FTO)
coated glasses (10 Ω/cm2) Asahi glass sheets were cleaned
ultrasonically in water, acetone and ethanol. They were
activated in 45% HNO3 for 2 min and finally rinsed with
distilled water prior the electrodeposition.

Preparation of Al:ZnO substrate: a 800 nm thick
ZnO:Al is deposited by RF sputtering with a sheet resis-
tance of 10 Ω/cm2 with a preferential (001) orientation.
Its carrier density was measured to be 4×1020 cm−3 with
a mobility of μ = 15 cm2 V−1 s−1.

Deposition of the nanoporous ZnO : the electrolyte
(Milli-Q pure water 18.2 MΩ) is composed of 5 mM ZnCl2
(VWR), 0.1 M KCl (VWR) using and 50 μM sodium salt
of EY (Sigma Aldrich) as structure directing agent. A clas-
sical three-electrode set-up was used with a Pt wire as a
counter electrode. The potential of –1.4 V was referred
to a mercury sulfate electrode (MSE) reference electrode
(+0.65 V vs. NHE). The cell was placed in a thermostated
bath maintained at 75 ◦C. Oxygen gas was bubbled at
100 mL/min for 1 hour prior the actual electrolysis and
the same gas flow was maintained during the deposition.

Deposition of a buffer layer : for some experiments on
FTO glass, dense ZnO was deposited prior deposition of
nanoporous ZnO. The electrolyte is the same as the one
for electrodeposition on nanoporous structure, but with-
out Eosin Y. The same set-up and the same conditions
were used. Deposition of 0.7 C/cm2 of dense ZnO was
performed, corresponding to a thickness of 400 nm.

Film Characterization: film thickness was measured
with a Dektak 6M Stylus Profiler. Morphology was stud-
ied by scanning electron microscope (SEM) (Leika S440).

Optical properties of the materials were investigated
by optical transmission with a Perkin Elmer Lambda
900 spectrometer. Porosity was calculated considering
the film thickness and the amount of ZnO deposited
measured by X-Ray fluorescence spectrometry (Fisher-
scope X-Ray XAN). Surface area of the films is deduced
from impedance measurements as described in Dupuy
et al. [33]. Roughness factor is given as the ratio of the
measured surface area on the projected film area.

Cell preparation: desorption of the as-prepared film is
carried out in a KOH solution (pH 10.5) for 24 h. Re-
adsorption of N719 (Dyesol) and D149 (Mitsubishi Paper
Mills) were carried out in 0.5 mM dye in ethanolic solution
and in 0.5 mM dye in ter-butyl alcohol/acetonitrile (1/1)
respectively. The electrolyte is a methoxypropionitrile dis-
solving 0.5 M tetrabutylammonium iodide and 0.05 M I2
as redox electrolyte (Solaronix). Counter electrode is ther-
mally platinized FTO glass (with Platisol from Solaronix,
heated at 450 ◦C for 15 min).

Cell characterizations : photocurrent density was mea-
sured under illumination with AM 1.5 simulated sun light
(100 mW/cm2) on a 0.125 cm2 surface delimited with
an absorbing material. A Spectra-Nova technologies solar
simulator system was used for these measurements. Cells
were illuminated through the photo-anode.

3 Results and discussion

3.1 Structural properties

Three different cases have been investigated, whether
the growth of the nanoporous structure was performed
on the FTO substrate, directly or on a compact ZnO
buffer layer preliminary electrodeposited (ZnO:ED), or on
a sputtered ZnO:Al on glass.

The morphologies of the nanoporous layers grown on
the different substrates are presented in Figure 1. With the
FTO glass substrate (with or without ZnO:ED) (Figs. 1a
and 1b), the organization of the electrodeposited ZnO film
corresponds to that described in literature [34]. The views
of the cross section show tilted pores of various orienta-
tions and reveal a surface roughness on the top of the
structure. Nanoporous ZnO units are identifiable thanks
to the pore orientations and to the round shaped relief
on the sample surface. These well-defined units have been
shown to be single-crystalline [34].

Cross-section SEM images of films deposited on
ZnO:Al show regular pores perpendicular to the substrate
(Fig. 1c). No relief can be observed on top views and
no nanoporous ZnO unit could therefore be identified.
Thus, the organization of the structure is considerably en-
hanced in comparison with structure of nanoporous ZnO
deposited on FTO glass.

Above a certain thickness, a peeling off of the layer oc-
curs. The less stable layers are the ones deposited directly
on FTO glass. A slight enhancement of the mechanical
stability is obtained when a dense ZnO layer is electrode-
posited prior to the electrodeposition of the nanoporous
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Fig. 1. SEM images of ZnO mesoporous structure deposited on (a) FTO glass, (b) a 400 nm thick bulk ZnO buffer layer
deposited on FTO glass and (c) sputtered Al:ZnO. Deposition of the nanoporous structure on (d) FTO glass and (e) Al:ZnO
respectively after deposition of 0.01 C/cm2.

layer. However, the enhancement of adhesion to the sub-
strate is more obvious when deposition is performed on
ZnO:Al.

In order to go further into the growth mechanism un-
derstanding, SEM images have been carried out in the
first steps of the synthesis. After 0.01 C/cm2 (10s) of elec-
trodeposition isolated nuclei are observed on the FTO sur-
face, characteristic of a three-dimensional growth mecha-
nism as shown in the Figure 1. On the contrary in the
case of the growth on ZnO:Al and for the same amount
of consumed charge, the substrate surface is almost ho-
mogenously covered by the ZnO nuclei suggesting a much
easier nucleation process (Fig. 1e). This would correspond
to the fact that no nucleation barrier is expected for the
homoepitaxial growth of ZnO on ZnO, as observed in pre-
vious works [19,35]. Moreover, measurements presented in
these works show the c-axis of the electrodeposited ZnO
to be continuous to the one of the ZnO substrate.

Figure 2 shows the X-Ray diffraction (XRD) pat-
tern performed on ZnO:Al substrate, nanoporous ZnO de-
posited on ZnO:Al and on SnO2:F. On each diffractogram,
the peak corresponding to the diffraction of the incident
beam on the {002} plans can be seen, showing that the
layer is highly oriented along the c-axis of the wurtzite
structure perpendicularly to the substrate surface. The
position of this peak varies depending on the substrate.
For deposition on FTO glass, (002) peak is observed at
the relaxed position (34.42◦according to the ICDD pattern

00-036-1451), implying a growth without stress, which is
consistent with the 3D nucleation observed on SEM im-
ages. Moreover, the diffractogram of the nanoporous ZnO
deposited on FTO glass shows other peaks apart from the
(002) peak of ZnO. Some are due to the SnO2 pattern but
the (100), (101), (102) and (103) peaks of the wurtzite
structure also appear, showing that the preferential ori-
entation of the ZnO is less pronounced on FTO glass.
On the diffractogram of the ZnO:Al substrate, the diffrac-
tion of the incident beam on the {002} plans appears at
34.27◦, which is slightly shifted from the expected position
(34.42◦) due to the compressive stress in the layer. In the
case of electrodeposition of nanoporous ZnO on ZnO:Al
substrate, the angular position of the peak (002) is 34.34◦,
which is a mean value between that of stressed sputtered
ZnO:Al and that of electrodeposited ZnO on FTO. Fur-
ther experiments are needed to determine the origin of
the peak position evolution but the conservation of the
stress of the substrate during the first stages of growth of
the electrodeposited ZnO could be an explanation of this
phenomenon.

3.2 Optical properties

Optical characterizations have been performed on the
layer obtained on electrodeposited ZnO/FTO glass and
ZnO:Al glass (Fig. 3). In any case the structure sub-
strate/nanoporous ZnO transmits close to 80% of the
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Fig. 2. (a) XRD pattern of ZnO:Al substrate (1), nanoporous ZnO electrodeposited on ZnO:Al (2) and nanoporous ZnO
deposited on FTO glass (3). Dashes on (3) correspond to peaks characteristic of SnO2. (b) Enlargement of the 002 peak area.

Fig. 3. Total and diffuse transmission of 5 µm thick
nanoporous structure deposited on FTO glass (blue dashed
line) and ZnO:Al (red full line).

incident light in the visible wavelength range. The trans-
mission onset is very steep and corresponds to an optical
band gap of 3.35 eV which is largely lower to that obtained
for of an highly conductive sputtered layer (3.55 eV).
These ZnO:Al layers were characterized by Hall effect
and a doping level close to 5 × 1020 cm−3 was found.
This value can also be compared to that measured for
a dense ZnO layer (3.65 eV) electrodeposited in very sim-
ilar experimental conditions (chloride concentration, ap-
plied potential) which contains a doping concentration up
to 1020 cm−3 [36]. The shift of gap value could be related
to the very high developed surface of the nanoporous ZnO
that could lower the doping level of the material, but this
aspect has to be investigated in more details.

The difference between the optical responses of the
nanoporous morphologies described above becomes

obvious when the diffuse transmission is considered. In the
case of a 4 μm thick layer presented in Figure 3, the dif-
fusive part of the transmission reaches a maximum value
of 47% at 400 nm when this value is limited to 10% in the
case of deposition on Al:ZnO. This effect can be related
the surface roughness appearing in the case of a hetero-
geneous growth: the rounded elements on the top of the
structure seem to strongly diffuse a part of the incident
light.

3.3 Porosity and Roughness factor

Evolution of thickness and porosity of the film ver-
sus the amount of charge exchanged during electrode-
position has been studied for ZnO:ED/FTO glass and
Al:ZnO/glass substrates (Fig. 4a). Porosity is calculated
from the X-ray fluorescence measurements giving the
amount of ZnO deposited on the substrate and the film
thickness. Moreover electrochemical impedance measure-
ments as described in Dupuy et al. [33] were performed to
determine the roughness factor (Fig. 4b).

Nanoporous ZnO grows almost linearly on both sub-
strates. Porosity of films deposited on ZnO:ED/FTO glass
follows the same trend as described elsewhere [37] increas-
ing with the thickness. For the films deposited on Al-ZnO
substrate it remains constant with an average value of
55%. In all cases mechanical stability issues limit the thick-
ness. The nanoporous structures on ZnO:ED/FTO glass
could therefore be stabilized until 6 μm while deposition
on ZnO:Al enables the growth until 8 μm.

Evolution of the roughness factor with the film thick-
ness is linear for films deposited on Al:ZnO. It is not the
case of films deposited on ZnO:ED/FTO glass, confirming
the non homogeneous growth of these layers. Moreover,
for films thicker than 6 μm, the evolution of the surface
area is strongly modified and seems to be underestimated.
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Fig. 4. (a) Evolution of film thickness (empty marks) and porosity (full symbols) of nanoporous structure deposited on FTO
glass (squares) and ZnO:Al (triangles) with charge density consumed. (b) Evolution of the roughness factor of nanoporous films
deposited on FTO glass (filled squares) on ZnO:Al (empty triangles) with the film thickness.

This phenomenon could be due to a partial peeling off of
the layer as mentioned before. These measurements con-
firm the enhancement of the mechanical stability for films
deposited on ZnO:Al.

Thus, a balance between the mechanical stability
(presence of crack, peeling) and the thickness (related to
the developed surface) has to be found for integration in
DSSC.

3.4 Cell completion and photovoltaic characterization

Electrodeposited nanoporous anodes deposited on
ZnO:Al were integrated into dye sensitized solar cells
(N719 and D149). Different coloration durations (ranging
from 30 min to 15 h at room temperature) and nanoporous
ZnO thicknesses were investigated for both of the dyes.

Because of its acidic functions, N719 damages zinc ox-
ide [38]. Thus, short coloration durations (inferior to 5 h)
have been considered.

Figure 5a shows the total transmission of films of in-
creasing thicknesses loaded with N719 at room tempera-
ture for 2 h as a function of the wavelength. Transmission
of a nanoporous film free of dye molecule is given as refer-
ence. An increase of the absorption of the light is achieved
by an increase of the film thickness. However, the amount
of molecules loaded in the thickest films (6.6 μm) is too
low to harvest all the incident light in the absorption range
of N719. For 3 μm thick films, absorption occurs between
370 nm (ZnO gap) and 700 nm. An increase of the film
thickness leads to a broadening of the absorption range
up to 800 nm. The amount of molecules loaded on the
film is calculated from the transmission data and from the
molar extinction coefficient of N719 (13900 L M−1 cm−1

at 530 nm) (inset in Fig. 5a). Evolution is linear and an
optimum of 100 nmol/cm2 of N719 molecules is calculated
for a 6.6 μm thick film.

Same measurements have been performed for the load-
ing of D149 (Fig. 5b). In this case, films of thickness be-
tween 150 nm and 6.5 μm have been considered. As for
sensitization with N719, an increase of the absorption is
observed until 3 μm thick films. Above that limit, dye
molecules harvest almost all the light. The increase of the
film thickness has therefore a little influence on the light
harvesting. The absorption range of the D149 is broadened
by the increase of dye molecules loading and a maximum
occurs at 3 μm with an absorption range between 370 nm
and 650 nm. The amount of dye molecules loaded depend-
ing on the roughness surface, given in inset of Figure 5b,
shows a linear evolution. A loading of 27 nmol/cm2 could
be measured for 3 μm thick films.

The higher absorption of films loaded with D149 than
the ones loaded with N719 despite lower amount of dye
molecules is explained by the difference of molar extinction
coefficient (68700 L M−1 cm−1 at 541 nm for the D149
compared to 13900 L M−1 cm−1 at 530 nm for the N719).

Solar cells have been prepared to compare both the
effect of substrate and dye on the photovoltaic character-
istics. Figure 6 presents selected current voltage curves
under illumination for these different conditions. Corre-
sponding photovoltaic parameters are shown in Table 1.

Solar cells prepared from nanoporous ZnO grown on
ZnO:Al covered by N719 molecules exhibit an increased
Jsc and fill factor (FF) with the film thickness while
the Voc remains stable (see table 1). The highest Jsc
(10.1 mA/cm2 ) was recorded for 6.5 μm thick films af-
ter 2 h of coloration. The maximal value for Jsc expected
in regard to the ZnO:Al substrate transmission and the
absorption range of N719 is ca. 18 mA/cm2. Such Jsc
values could not be obtained unless saturation occurs at
every wavelength. Best efficiency (4.2%, Voc 595 mV, FF
72% see Fig. 6 and Table 1) were found to occur after 2 h
of coloration with a 6.6 microns thick layer deposited on
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(a) (b)

Fig. 5. Total transmission of nanoporous structures loaded during (a) 2 h with N719 and (b) 15 h with D149 for increasing
charge density consumed. Total transmission of a film prepared with deposition of 4 C/cm2 is given as reference. Insets of each
figure represents the evolution of the amount of dye molecules loaded with respect to the developed surface calculated from the
transmission data.

Table 1. Photovoltaic properties of dye sensitized solar cells based on ZnO electrodeposited on different substrates and for
different coloration conditions.

Substrate Dye Coloration time Thickness µm Jsc mA/cm2 Voc mV FF Efficiency %

FTO N719 2h 6.5 10.4 562 65 3.8

Al:ZnO

N719 2h 3 5.5 580 68 2.2

N719 2h 6.6 9.7 592 72 4.2

D149 2h 3 10.1 573 71 4.2

D149 15h 3 10.3 592 73 4.5
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Fig. 6. Current density – voltage characteristics of dye-
sensitized solar cells based on nanoporous ZnO grown on FTO
glass and dyed with N719 for 2 h, on ZnO:Al and dyed with
N719 for 2 h and grown on ZnO:Al and dyed with D149 for
15 h.

ZnO:Al; a thickness below the mechanical stability limit
of these films.

ZnO anode grown on ZnO:ED/FTO glass in the same
conditions could achieve a maximum efficiency of 3.8%

(Jsc 10.4 mA/cm2 , Voc 563 mV, FF 65%). Lower Voc and
FF obtained with these films could be related to inferior
transfer properties at the interface between nanoporous
ZnO and the substrate and to the lower organization of
the structure, leading to additional recombination paths.

No dissolving effect is reported when dipping ZnO in a
D149 coloration bath but formation of dye aggregates have
been observed elsewhere for long time of coloration [32].

Thus, three dipping conditions for coloration have been
studied: 10 min, 2 h and 15 h. Best results were found to
occur after dipping the films for 15 h.

Figure 7a shows the spectral response of films with
thicknesses ranging from 1.1 μm to 4.5 μm dyed for 2 h.
The wavelength range of the electron collection is broad-
ened with the increase of the thicknesses. This is consistent
with the transmission data that show an increase of the
amount of dye molecules loaded. Higher concentrations of
dye enhance the light harvesting at low molar extinction
coefficient wavelength and electrons from a broader wave-
lengths range, and the corresponding energies can there-
fore be absorbed. At the absorption peaks of the D149
dye, electron quantum efficiency reaches a maximum for a
3 μm thick film and then decreases. Figure 7b shows that
both Jsc calculated from spectral response spectra and
measured with the solar simulator also reach an optimum
for 3 μm thick film. Since a linear increase of the amount
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Fig. 7. (a) Spectral response of dye-sensitized solar cells based on nanoporous ZnO grown on ZnO:Al of increasing thicknesses
and dyed with D149 for 2 h. (b) Evolution of the Jsc measured with the solar simulator (squares) and calculated from the
spectral response (triangles) with the thickness of the nanoporous ZnO in the same coloration conditions. Jsc of the best cell is
shown (empty square).

of dye molecules could be calculated from transmission
data, Jsc is firstly limited by the dye concentration and,
for the highest thicknesses tested, by a lowering of the in-
jection efficiency. Same trend has been observed for each
coloration condition. It is worth noting that Jsc calculated
from spectral response is underestimated due to the fact
that spectral responses are carried out under lower light
illumination where traps are more actives.

Optimal conditions, that is to say 3 μm thick films
dipped 15 h in the coloration bath, exhibit Jsc of
10.3 mA/cm2 . Maximal Jsc calculated from ZnO:Al sub-
strate transmission in an absorption range until 650 nm is
13 mA/cm2 . This value shows that the structure enables
to collect almost 80% of the theoretical photocurrent avail-
able. Further improvement of the transparency could allow
to reach short circuit photocurrent up to 15 mA/cm2.

Open circuit voltages are in the range of 600 mV and
are slightly lower than value of 650 mV reported in the lit-
erature for D149 [39]. The same dye on TiO2 could achieve
a Voc of almost 700 mV [31]. Fill Factors are typically up
to 70%. Both parameters were found to increase with the
coloration.

Finally, an efficiency of 4.5% (Jsc 10.3 mA/cm2 , Voc
592 mV, FF 73%) could be recorded for a 3 μm thick film
with 15 h of coloration.

4 Conclusion

In this paper, we have shown for the first time that it is
possible to deposit successfully nanoporous ZnO on sput-
tered Al:ZnO with a facilitated nucleation and a higher
adhesion of the nanoporous structure to the substrate as a
result. A highly regular and organized structure with pores
in the nanorange perpendicular to the substrate could be

observed. Porosity of 55% has been obtained and devel-
oped surface was shown to evolve linearly with the film
thickness.

Solar cells prepared with nanoporous ZnO deposited
on ZnO:Al substrate showed superior properties for Voc
and FF as compared to FTO substrate in our study. Both
N719 and D149 have been used to sensitize the ZnO. Ef-
ficiencies up to 4.5% and 4.2% could be obtained for sen-
sitization with D149 and N719 respectively. Room for im-
provement exists, in particular with respect to the short
circuit current, which could reach a level of 15 mA/cm2 .

The authors would like to acknowledge the ANR Asyscol pro-
gram for support.
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