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ABSTRACT: An explorative dye solar cell architecture based on the implementation of a 3D micropatterned photoelectrode is
disclosed here. An array of conical micropillars has been realized by laser micromachining of photosensitive glass which has been
advantageously used as a substrate for deposition of a thin transparent conductive layer and a thick mesoporous TiO2 electrode.
A significantly higher photocurrent density has been detected as an effect of the extended overall absorbing area of the
micropatterned photoelectrode with respect to a conventional 2D reference photoelectrode. This enhancement can also be
partially imputable to a not negligible “waveguide effect” occurring within the glass micropillars.

■ INTRODUCTION
Since the introduction of B. O’Regan and M. Graẗzel1 in 1991
Dye Solar Cells (DSCs) have reached power conversion
efficiency values over a small-area device as high as 13%.2

Being manufactured with relatively easy fabrication processes,
often borrowed from the printing industry and utilizing low cost
materials, DSC technology can be considered nowadays a proper
candidate for a large-scale production in industrial environment
for commercial purposes.
A conventional dye solar cell utilizes a mesoporous nano-

crystal-based film for collecting a higher portion of the incident
light. It contains quasi-spherical anatase particles with a diameter
of 20−100 nm and a thickness in the range of 10−20 μm. This
means that the electrode contains about 1015 particles and
provides an overall surface area that is about 700 times larger than
the projected one. However, the advantage offered by the
increased surface area of the nanoparticle film is compromised by
the effectiveness of charge collection by the electrode and some
important properties of the layer (conductivity, flat band
potential) mainly governed by the surface and the sinter necks.
The longer transport path associated with electrodes

composed of nanometer-sized TiO2 particles (i.e., several orders

of magnitude smaller than those in bulk single crystal TiO2)
involves significant recombination from the electron conductor
into the hole conductor with no benefit to the conversion
efficiency. Therefore, the increasing surface area is limited by the
requirement that the electron transport distance “d” remains
significantly smaller than the electron diffusion length “Ln” in
order to minimize the recombination of electrons with holes or
other species.
A promising approach for improving charge collection is the

replacement of the disordered nanoporous TiO2 layer with a
nanostructured photoelectrode. Zhang et al.3 and Yu et al.4

review recent work on DSCs using nanostructured photo-
electrodes such as nanowires, nanotubes, nanoflowers, and
branched-nanowires, as well as methods for their preparation.
The goal of these nanostructures is to improve the charge
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collection by offering a direct pathway for electron transport with
reduced recombination.5

At the same time, several optical methods have attracted
considerable attention to enhance the photon density in organic
and hybrid photovoltaic devices, such the implementation of
suitable surface micro- and nanotexturing,6 the introduction of
scattering microparticles or nanoparticle clusters,7 the design of
optimized interference layers,8,9 and the fabrication of advanced
optical systems as well as diffraction grating,10 photonic crystal,11

and surface plasmon resonance (SPR)12−17 have been
investigated and have demonstrated promising results. Among
these, the SPR is one of the most promising approaches due to
the enhanced optical field associated with metallic nanostruc-
tures. Surface plasmons (SP) are surface waves whose electro-
magnetic field is confined to the vicinity of the metal−dielectric
interface. When the condition of the resonance is fulfilled, this
confinement leads to an enhancement of the electromagnetic
field at the interface and this phenomenon has been utilized in
many near-field SP-based applications.18

Nevertheless, only few occasional reports have been so far
published regarding the implementation of engineered optical
systems aimed at profitably enhancing the amount of incident
solar radiation available for photovoltaic conversion.
Both the pioneering works of Mallouk19,20 and Miguez21,22

deserve to be mentioned in this framework. They have designed
and realized several different photonic crystal structures directly
embedded into the TiO2-nanocrystalline films, which acted
either as dielectric mirrors or as resonance media for enhancing
light absorption. Some year later Wei et al. presented a novel
approach to fabricate 3D DSCs by integrating a planar optical
waveguide and an array of ZnO nanowires which were grown
normally to the quartz slide and claimed an EEF of 5.8 on average
compared to the planar illumination case.23

More recently Zaban et al. compared a conventional
photoelectrode laying on a plane normal to the light illumination
to a 3D photoelectrode placed on the lateral surfaces of an optical
waveguide and claimed an average efficiency enhancement factor
(EEF) of 4.3 for the latter.24

All these embodiments succeeded in demonstrating how the
implementation of an engineered optical system might pragmati-
cally lead to significant advances in the field of DSC technology
as well as to produce remarkable improvements with respect to
the current efficiency limitations, but they did not provide a
feasible way to incentivize the development of affordable optical
systems which can be easily integrated in dye solar cells.
Dominici et al. assessed a strong dependence of the photocurrent
density on the incidence angle through the employment of a
prismatic lens coupled to the front-end glass of a DSC and
theorized an efficiency enhancement up to 25% for devices
implementing engineered photon management systems.25

Starting from these remarks, we here propose an alternative
approach to extend the overall active area of a DSC based on the

realization of a suitable pattern of micropillars protruding from a
glass plate and utilized it as a convenient substrate for the
fabrication of a 3D photoelectrode. This relatively larger surface
area of dye-sensitized titanium dioxide nanoparticles allowed to
be more effectively illuminated with respect to a conventional,
“flat” 2D layer (see schematic representation in Figure 1). This
approach does not require modifying the device external
architecture.
Among the wide variety of top-down micro-fabrication

techniques, patterning of photosensitive glass is a well-
consolidated strategy in a wide range of optoelectronic devices,
such as microreactors, lab-on-a-chip devices, micrototal analysis
systems (μ-TAS) and microfluidics applications.26−28 fs- or ns-
laser modification followed by thermal treatment and successive
chemical wet etching in a hydrofluoric acid solution forms 3D
hollow microstructures embedded in photosensitive glass.
We here adopted a pulsed UV ns-laser micromachining

approach to fabricate high resolution micropillars on the glass
surface through a single-photon absorption process. Laser
exposure has been performed in a single pulse. This makes this
approach highly compatible with the implementation in roll-to-
roll or large-scale manufacturing processes.

■ EXPERIMENTAL SECTION

Fabrication of Conical Micropillars. Experiments were
carried out using a KrF excimer laser operating at 248 nm with
pulse duration of 20 ns and an energy density of 0.2 J cm−2. A
single pulse was shot on the glass surface. The irradiated zone was
a round-shaped area with a diameter of about 5 mm.
The fabrication process of the microarrayed glass surface

includes four steps: (1) projecting the image of the mask on the
Foturan glass surface using a single UV-laser pulse, thus silver
atoms are precipitated in the irradiated area; (2) annealing the
glass sample in a programmable furnace for the formation of a
crystalline phase of lithium metasilicate, in which the temper-
ature is first ramped up to 500 °C at 5 °C/min, held at this
temperature for 1 h, then raised to 605 °C at a rate of 3 °C/min,
and held for another hour; (3) etching of the annealed glass chip
in an aqueous solution of 10% hydrofluoric (HF) acid diluted
with ethanol in an ultrasonic bath for the selective removal of the
laser-exposed area; (4) final annealing to smooth the micropillar
tips. In step (3), the formed lithium metasilicate is preferentially
etched away with a contrast ratio of about 30 in etching selectivity
compared to the unexposed regions, and finally, the array of
micropillars is formed on the glass sample.
To get an array of pillars having the specifically desired shape

and dimensions, it is essential to precisely define the aperture
mask as well as to finely control the duration of both the etching
and the thermal annealing process.
Upon the chip immersion in the HF/EtOH solution, the

etching process starts promptly on the overall surface of the glass,
as indicated by yellow arrows in the sketch shown in Figure 2.

Figure 1.Micropatterned Foturan glass has been used as a substrate to realize a 3D photoelectrode for DSC (on the left) whose perfromance has been
compared with a conventional 2D photoelectrode (on the right) having the same irradiated area.
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The slightly trapezoid pillar formation is the consequence of the
different etching times at different depths in the glass, that is, the
Foturan surface on the top is exposed to a longer etching time
than at deeper regions resulting in the formation of a trapezoid-
shaped structure between two “laser-exposed zones” in a cross-
sectional view (see Figure 2b). The final annealing process (step
4) allows smoothening the sharp pillar tips and rounding the
edges (see Figure 2c).
In case the etching time is too long, the adjacent trapezoids

would adjoin and form a sharp microtip. As a consequence, the
pillar formation procedure is a trade-off; a too long etching time
would yield a completely vanished pillar structure, whereas a too
short one would not result in high enough and sharp pillars.
More details about the experimental apparatus and fabrication

process are described elsewhere.29

Fabrication of Dye-Sensitized Solar Cells.A 200 nm thick
indium tin oxide film was deposited onto the Foturan glass by a
Temescal Supersource electron-beam evaporator under high
vacuum. The vacuum chamber was initially evacuated to 10−7

mbar and then pure dry oxygen flux (5 sccm) was introduced
through a needle valve. The pressure was maintained at 10−4

mbar throughout the deposition. The deposition rate was set at
∼0.5 Å/s and the substrate temperature was maintained at 245
°C.
A suspension of TiO2 nanocrystals (4 wt %/wt in toluene) was

prepared according to the procedure described elsewhere30 and
stirred at 60 °C for 6 h with ethylcellulose (10 wt %/wt in
toluene). Then, the solvent exchange was carried out as follows:
terpineol was added and the resulting mixture was stirred again
for 1 h; finally, toluene was removed by a rotary evaporator to

obtain pastes suitable for doctor-blade deposition. The paste had
the following weight percentage composition: TiO2, 8%; organic
capping residuals, 15%; ethylcellulose, 10%; terpineol, 67%.
Cells were assembled by placing a platinum-coated conducting

glass (counter electrode) on the photoelectrode and sealed with
a 50-μm thick Surlyn hot-melt gasket. The redox electrolyte (0.1
M LiI, 0.05 M I2, 0.6 M 1,2-dimethyl-3-propylimidazolium
iodide, and 0.5 M tert-butylpyridine in dried acetonitrile) was
introduced into the interelectrode void space through a hole
predrilled on the back of the counterelectrode.

Characterization Techniques. The film thickness was
measured with a Veeco Dektak 150 profilometer. Scanning
electron microscopy (SEM) characterization of TiO2 photo-
electrode morphology was performed by using a FEI NOVA
NANOSEM 200 instrument. Photocurrent−voltage IVmeasure-
ments were performed using a Keithley unit (Model 2400 Source
Meter), while a Newport Sol3A Class AAA Solar Simulatorr
(Model 94063A equipped with a 1000W xenon arc lamp) served
as a light source. The light intensity (or radiant power) was
calibrated to 100 mW cm−2 using as reference a Si solar cell.
Incident photon-to-current conversion efficiency (IPCE)
measurements were carried out with a computerized setup
consisting of a xenon arc lamp (140 W, Newport, 67005)
coupled to a monochromator (Cornerstore 260 Oriel 74125).
Light intensity was measured by a calibrated UV silicon
photodetector (Oriel 71675) and the short circuit currents of
the DSCs were measured by using an optical power/energy
meter, dual channel (Newport 2936-C).

Figure 2. Formation of micropillars upon the etching treatment: Both the irradiated and unirradiated zones are subjected to the etching (a) giving rise to
trapezoid structures. (b) The annealing treatment finally determines an edge rounding/smoothening (c).
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■ RESULTS AND DISCUSSIONS

ns-laser micromachining allows fabricating complicated high
resolution 3D hollow structures on photosensitive glass. A single-
step irradiation procedure has been executed to generate ∼20
mm2 large micropatterned samples through the use of a properly
designed projection mask, thus avoiding the use of a tightly
focused laser beam driven by a complicated scanning system.
Photosensitive glass used in this study is a commercially

available Foturan(R) glass produced by Schott Glass Corporation.
It has been chosen for its relatively high Young’s modulus, its low
absorption coefficient in the visible wavelengths and its excellent
chemical stability.
To produce an array of conical protrusions with heights of few

tens of micrometers, a single pulse irradiation has been
demonstrated to be sufficient. A deep enough penetration
exposure in the glass has been guaranteed by the employment of
a 248 nm emitting laser source with energy density of 0.2 J cm−2.

in a single-photon absorption process.
We thus realized a hexagonal array of rounded conical

micropillars characterized by the following geometrical features:
height 60 μm, diameter 50 μm, apex-to-apex distance 70 μm. A
representative series of SEM pictures of these micropillars are
presented in Figure 3.
As a consequence of the formation of micro-pillars, the total

surface area of the substrate has been increased by a factor β,
which corresponds to the ratio between the lateral surface area
and the basal projected area of the pillars:

β π π= = = + =rg r g r h r r/ / ( ) / 2.62 2 2 1/2
(1)

where r is the radius of the cone, h is the height, and g is the slant
height.
An indium tin oxide thin layer has been deposited onto the

patterned substrate by electron beam evaporation to make a
transparent micropatterned electrode. The as-deposited ITO
film (thickness of 200 nm) presented an average sheet resistance
value of ∼35 Ω/sq.
Thereafter, a TiO2 mesoporous electrode has been deposited

through a proper combination of two different deposition
techniques.
A suspension of 5 × 20 nm sized colloidal TiO2 nanorods in

ethanol was deposited by spin-coating on the top of the 3D
conductive substrate to produce a bottom compact layer aimed
to prevent direct recombination of the oxidized species at the
electrolyte/ITO interface. The film was then heated at 150 °C for
10 min. The same process was repeated four times, until a 2 μm
thick, dense, and highly transparent film was obtained.
Then a specifically formulated TiO2 nanocrystalline paste was

deposited by doctor-blade. Viscosity of the paste was controlled
by adding a proper amount of terpineol, with the aim to make it
easily flow down into the interstitial valleys. A three-step
deposition procedure was carried on in this case too, with
intermediate drying steps at 150 °C for 10 min. The sample was
thus subjected to a mild thermal sintering at 380 °C for 40 min to
burn most of the organic compounds and generate a mesoporous
TiO2 to overcoat the 3D hexagonal array of micropillars. SEM

Figure 3. SEM micrographs of the micropillar array obtained by ns-laser micromachining on Foturan glass.
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images of the sintered 3D photoelectrode are shown in Figure 4.
Due to the irregularities in filling density of the viscous paste
among valleys and peas, upon deposition and sintering of TiO2
mesoporous film, micropillars assumed a quasi-spherical shape
giving rise to a sort of hexagonally packed microlense array. The
average thickness was around 16 μm in the interstitial regions
and 10 μm on the lateral surface of micropillars. Some minor
cracks were also originated at the bottom of the pillars, which,
however, did not affect the overall prerogatives of the electrodes,
but even provided a beneficial effect to the subsequent infiltration
of dye solution and electrolyte.
The sample was thus immersed into a solution 0.5 mM of

bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N′-bis(4-car-
boxylato-4′-carboxylic acid-2,2-bipyridine) ruthenium(II)
(N719) in a mixture of acetonitrile and tert-butyl alcohol (v/v,
1:1) and kept at room temperature for 14 h. A schematic
representation of the whole fabrication procedure is reported in
Figure 5.
J−V (current density−voltage) curves detected from the

measurement of the here referred dye solar cells under 1 sun
illumination are shown in Figure 6a. 3D-PE exhibited a short-
circuit current density (JSC) of 14.1 mA/cm2, an open-circuit
voltage (VOC) slightly over 0.70 V, and a fill factor (FF) of 0.60
that turned into a 5.92% solar energy conversion efficiency.

These values have to be compared with those detected from
the measurements of a reference cell implementing a conven-
tional 2D-PE having the same average thickness (12 μm) and the

Figure 4. SEM images of the 3Dmicropatterned, sintered photoelectrode at different magnifications (a−c). (d) Detailed view of the inset highlighted in
(c): mesoporous TiO2 surface covering the micropillars surface.

Figure 5. Schematic representation of the most relevant fabrication
steps: (a) laser micromachining on Foturan glass, (b) ITO deposition by
electron-beam evaporation, (c) TiO2-paste deposition and sintering, (d)
dye-sensitization.
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same overall projected area (∼0.20 cm2). It generated a short-
circuit current density (JSC) of 11.2 mA/cm2, an open-circuit
voltage (VOC) slightly over 0.72 V and a fill factor (FF) of 0.70
which turned into a 5.65% solar energy conversion efficiency.
As is well-known, the JSC can be calculated from the overlap

integration of the global AM 1.5 solar emission spectrum and the
photocurrent action spectrum over the wavelengths where the
dye absorbs.

∫ λ λ λ λ= −J qF r( )[1 ( )]IPCE( )dSC (2)

where q is the electron charge, F(λ) the incident photon flux
density at wavelength λ, and r(λ) is the incident light loss due to
absorption and reflection of the conducting glass. According to
eq 2, in DSSCs optimized for maximum photocurrent, the
incident photon to electron conversion efficiency (IPCE, also
known as external quantum efficiency, action spectrum, or
spectral response) can approach 100% after reflection losses.
IPCE spectrum of the here referred 3D-PE is shown in Figure

6b. It reveals, as expected, an outstanding improvement along the
whole absorption window of N719. The most relevant
transparency losses are due to light reflection at the interface
glass/ITO whose interference fringes are clearly visible in both
the spectra. However, an average acceptable IPCE value of
around 60% has been achieved in the case of 3D-PE. It has been
outlined indeed that no significant alternation of the spectral
response can be attributed to the introduction of the array of
refractive micropillars: neither scattering nor diffraction
phenomena have been routinely detected. So it can be
ascertained that higher values of JSC produced by 3D-PE can
be reliably associated with the consistently larger extension of the
overall absorbing surface.
This effect has been further elucidated through the measure-

ment of the light-harvesting efficiency (LHE), which is correlated
with IPCE through the following expression:

λ λ λ λ η

λ λ

= × Φ × Φ ×

= ×

IPCE( ) LHE( ) ( ) ( )

LHE( ) APCE( )

inj reg CC

(3)

where Φinj and Φreg are, respectively, the quantum yields of the
electron injection and dye regeneration process and ηCC is the
charge collection efficiency. The product of these three numbers
is generally referred as absorbed photon to current conversion
efficiency, namely APCE, or electron transfer yield.31

The UV−visible absorption spectra of the N719-sensitized 3D
and “flat” TiO2 films (which have been indeed deposited onto a
flat ITO-free and a micropatterned ITO-free Foturan glass,
respectively) were measured and LHE has been calculated using
the following equation:32

λ = − λ−LHE( ) 1 10 A( )
(4)

where A(λ) is the absorbance of the N719-sensitized electrodes.
The LHE spectra have been plotted in Figure 6c. Micropatterned
PE exhibits an increment in the light harvesting efficiency of
around 25% with respect to the control PE, which is even higher
than the increment revealed in the IPCE spectrum. This leads to
conclude that electron transfer yield in 3D-PEs is worse than in
the conventional “flat” electrode, which is not a surprising finding
since it can be also realized from the modest values of Voc and
FF. It is in fact reasonable to suppose that charge collection
efficiency of the here presented device is still far to be optimized
because of the following main technological constraints:

− Surface roughness of the laser-machined glass is in the
range of 50−70 nm (measured as root-mean-square),
which should be compared with a RMS value of 1−5 nm,
which is generally associated with a good commercial
FTO-coated glass.33 This fact indubitably plays a
detrimental role on the surface conductivity of the ITO
film which has been sputtered on top of it.

− Because of the use of an ITO transparent conductive layer
(instead of FTO), the sintering process has been

Figure 6. IV curves (a) and IPCE (b) and LHE spectra (c) of dye solar cells employing a 3D micropatterned PE (filled squares) and a conventional PE
(empty squares).
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performed at a mild temperature (380 °C) instead of that
at 450−480 °C as usual, just to prevent/limit a detrimental
boosting of the ITO sheet resistance, which however
resulted in almost 1 order of magnitude higher than in the
case of commercial FTO-coated glass.34 On the other
hand, it is evident that electron transport in the
mesoporous TiO2 film may be further facilitated upon
pushing up the TiO2 sintering temperature.

It cannot be, however, ruled out a possible beneficial effect
imputable to the greater number of multiple internal reflections
originated at the lateral edges of microcones. It can be reasonably
supposed in fact that a fair light-coupling effect can be generated
at the interface between glass and ITO. The refractive index of
Foturan glass is around 1.515 (at 550 nm), which is conveniently
lower than ITO (n = 1.8) and TiO2 (n = 2.2). This optical
configuration allows the incoming light which is initially reflected
at the lateral surface of the cones being bounced off and
efficiently redirected toward the light absorbing mesoporous
electrode.
Even though an increase beyond the current efficiency limit of

DSSCs has been not achieved in this work, it constitutes a reliable
proof of concept of the beneficial effects arising from the
integration of intelligent optical confinement systems, which can
be still greatly improved by a specific engineering of the here
mentioned “waveguide effect”. A huge enhancement can be
theoretically achieved by properly designing and fabricating
longer tapered protrusions, which selectively confine and
propagate the incoming light rays, depending on their incident
angle.35 The combination of a 3D-pattern associated with a
significantly larger absorbing surface area with an optimized
“waveguide effect” can pave the way to the design of more
sophisticated third generation photovoltaic devices where the
solar spectrum is divided into spectral bands which are converted
into electrical power by specific regions of the PE, even sensitized
with specific “monochromatic dyes” and optimized for every
specific spectral band of the solar spectrum.24

■ CONCLUSIONS
The fundamental motivation of the hereby-proposed approach
consists in the possibility to enhance the photovoltaic perform-
ances of dye solar cells by increasing the working area of
photoelectrode with a factor of around 3 through the
implementation of a 3D array of conical micropillars. We indeed
introduced a further contribution to the field of advanced optical
systems for photoelectrochemical devices and present an
unconventional approach to extensively enhance the available
light-exposed surface area (or the effective volume) of the
conventional nanoparticle-based photoelectrode for dye solar
cells. This approach is independent from the intimate chemical
and physical characteristics of materials employed in the
photoelectrochemical energy conversion process and can be
potentially further improved throughout the fabrication of
engineered microstructured samples shaped as cylindrical
waveguides with every aspect-ratio characterized by an elevated
quality of the wall surface such as very low roughness and
excellent dimensional accuracy.
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