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ABSTRACT In this work we demonstrate hyperbranched nanostructures,

grown by pulsed laser deposition, composed of one-dimensional anatase single
crystals assembled in arrays of high aspect ratio hierarchical mesostructures. The
proposed growth mechanism relies on a two-step process: self-assembly from the

gas phase of amorphous Ti0, clusters in a forest of tree-shaped hierarchical
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mesostructures with high aspect ratio; oriented crystallization of the branches
upon thermal treatment. Structural and morphological characteristics can be
optimized to achieve both high specific surface area for optimal dye uptake and broadband light scattering thanks to the microscopic feature size. Solid-
state dye sensitized solar cells fabricated with arrays of hyperbranched Ti0, nanostructures on FT0-glass sensitized with D102 dye showed a significant 66%
increase in efficiency with respect to a reference mesoporous photoanode and reached a maximum efficiency of 3.96% (among the highest reported for this
system). This result was achieved mainly thanks to an increase in photogenerated current directly resulting from improved light harvesting efficiency of the
hierarchical photoanode. The proposed photoanode overcomes typical limitations of 1D Ti0, nanostructures applied to ss-DSC and emerges as a promising

foundation for next-generation high-efficiency solid-state devices comprosed of dyes, polymers, or quantum dots as sensitizers.
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ing resources to face the increas-

ing renewable energy demand of the
world. Since their introduction in 1991 by
Gratzel and co-workers, dye-sensitized so-
lar cells (DSCs) have been widely studied as
economical and easy to fabricate solar en-
ergy conversion devices.?

These devices base their operation on the
photogeneration of excitons in a sensitizing
dye chemisorbed on a mesoporous struc-
ture of a large-band-gap semiconductor,
most commonly titanium dioxide. After ex-
citon separation, the electron is transferred
into the conduction band of the semicon-
ductor, diffuses through this material until it
is collected at the anode (typically fluorine-
doped tin oxide, FTO), and is transported
to the counter electrode through an exter-
nal circuit. A redox electrolyte is usually

Solar energy is one of the most promis-
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employed to regenerate the dye, which is
then subsequently regenerated at the count-
er electrode® More recently, solid-state dye-
sensitized solar cells (hereafter ss-DSCs)
employing a solid hole-transporting material
(HTM) emerged as a promising alternative to
standard liquid electrolyte based devices.*™®
Despite their undisputed potential due to
their versatility, their industrialization is still
hampered by their typically low efficiency
caused by low optical density and, in turn,
low photocurrents. In fact, the thickness of
ss-DSC photoanodes is typically limited to
2 um. This is the result of a combination of
factors, among which the infiltration with
solid organic hole transporters and shorter
charge diffusion lengths than in the iodide/
triiodide system play a crucial role. Many
studies have been focused on the enhance-
ment of power conversion efficiency by
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addressing the different physical phenomena and
technical features of these devices. Dyes with higher
extinction coefficient and durability as well as novel
semiconductor architectures to enhance the elec-
tron transport on different photoanodes have been
studied.”® Photoanodes with advanced light scatter-
ing and trapping architecture can guarantee a higher
photon—dye interaction, which can lead to higher
generated currents and efficient charge transport.
While in liquid-dye-sensitized solar cells a wide range
of methods, reviewed in previous publication,®'® were
adopted to achieve this target, few successful exam-
ples have been reported for ss-DSCs. As a reference,'’ a
blend of small particles, which increase the surface
area, and large-scale particles, which enhance light
scattering, is studied and shows a 28% increase in
performance. One-dimensional nanostructures such
as nanofibers'?'* and nanotubes'*'® have been also
investigated both to improve electron transport (e.g.,
by channelled conduction) and to favor the HTM
infiltration. In fact, even though it has been recently
demonstrated that the pore-filling fraction is not a
limiting factor for highly optimized photoanodes,'®
novel architectures less affected by this issue would
still be beneficial for the development of high-
efficiency dye-sensitized solar cells. A photoanode
architecture able to couple enhanced light trapping
and scattering, facile HTM infiltration, and enhanced
electron transport is still missing. This is the aim of the
present study.

Here we demonstrate improved optical density and
power conversion efficiency in solid-state DSCs with a
photoanode architecture comprising an array of quasi-
1D hierarchical nanostructures self-assembled from
the gas phase. The morphology recalls a forest formed
by trees (main structure) having branches and leaves
(nanoparticles).” The nanoforest exhibits a hierarchi-
cal structure with multiscale elongated features alter-
nated with void channels extended across the whole
thickness of the photoanode.’® %' We reported the
application of the first generation of these meso-
structures to liquid-type DSCs.?? Although interesting
results were obtained, performances still lagged be-
hind the standard mesoporous photoanode mainly
due to severe limitations in roughness factor and
dye-loading capacity, which translate to lower gener-
ated photocurrents. Similar results were obtained in
the following years by other groups®® also with differ-
ent materials such as Nb,Os2* and Ta:TiO,.2° No reports
have been published on the application of this photo-
anode architecture to ss-DSCs. Building on these pre-
vious experiences, we developed a second generation
of trees with an increased packing density of the
branches, thus reaching roughness factors similar to
the long optimized mesoporous photoanodes fabri-
cated from sintered nanoparticles. Moreover, the in-
creased density of each single tree increases their
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effective refractive index, enhancing their scattering
properties. As a result, nanotrees act as integrated
broadband scattering elements having length scales
on the same order of magnitude as the wavelength of
visible light. At a higher hierarchical level, i.e., the forest,
these characteristics result in an improved optical
absorption, in turn yielding higher short-circuit current
and higher power conversion efficiency with respect to
the reference mesoporous photoanode.

RESULTS AND DISCUSSION

Material Fabrication and Characterization. In pulsed laser
deposition (PLD), an excimer laser ablates a target of
the material that is to be deposited inside a vacuum
chamber, which can be filled with a selected gas. The
laser locally ablates the target and creates a plasma
that expands supersonically due to a density gradient
between the solid surface of the target and the envi-
ronment in which the whole process is performed. The
ablated species condense on the sample substrate,
where a thin film is formed. By varying the background
gas pressure and the laser power, it is possible to
induce cluster nucleation in the expanding plume
and to finely tune the kinetic energy and the deposi-
tion mechanisms of the nanoparticles and therefore
the morphology of the deposit. In particular, in certain
processing windows,? it is possible to induce cluster
scattering by the working gas, thus causing self-assem-
bly of the quasi-1D nanostructures, ordered in an array
structure perpendicular to the surface of growth, with a
typical diameter of hundreds of nanometers and
heights linear with the deposition time. With respect
to previous work'’?? the introduction of a rotating
substrate holder allowed access to a new growth mode
at lower pressures, yielding dense and high surface
area photoanodes, while maintaining the hierarchical
structure previously reported. The substrate rotation
enhances the naturally occurring shadowing effects in
PLD depositions at high pressures since the deposition
angle of each point of the substrate continuously
changes. This growth mechanism resembles that of
glancing angle deposition?’ without the need for high
tilt angles and sophisticated substrate motion control.
The morphological characteristics of hierarchical archi-
tectures obtained at different experimental conditions
and after 2 h of thermal treatment at 500 °C are shown
in the SEM images in Figure 1 together with the
reference film obtained by doctor blade coating of an
acidic nanoparticle paste in ethanol solution.

In summary, the background gas pressure acts as a
coarse tuning parameter, while the substrate rotation
extends the processing window, where it is possible to
obtain hierarchical structures toward lower pressures.

In fact, similar to previous reports'>?* with a sta-
tionary substrate holder, dense and low surface area
films are obtained for TiO, deposition at pressures
lower than 10 Pa in O,, due the high kinetic energy
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Figure 1. Top view SEM images of (A) nanoparticle paste and PLD films at (B) 5 Pa, (C) 7 Pa, and (D) 10 Pa. Cross section SEM
images of (E) nanoparticle paste and PLD films at (F) 5 Pa, (G) 7 Pa, and (H) 10 Pa.
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Figure 2. BET specific surface area (SSAggt), density (p), and
roughness factor (RF and RFggy) for the different samples
analyzed. The horizontal lines on the left axis show the
values of the standard nanoparticle device.

of the expanding species and reduced scattering from
the background gas. This is the case for static deposi-
tion at 5 and 7 Pa (Figure (Sl) 1). The rotating substrate
lowers this threshold, and the nanotrees are obtained
down to a pressure of 5 Pa (Figure 1). For very high
pressures, large clusters form in the gas phase, diffus-
ing through the background gas to the substrate, thus
forming highly disordered materials typical of low-
energy deposition processes.”®> Moreover substrate
rotation allows larger areas to be deposited, mov-
ing from a few square millimeters to a few square
centimeters (more technical details can be found in
Supporting Information Figure (SI) 2). In general, for a
given target material, the threshold pressure depends
on various process parameters such as target—
substrate distance, laser pulse energy, ambient gas
reactivity, and molar mass.2® In order to characterize
the area available for dye anchoring, the roughness
factor per unit thickness (RF) (i.e., the ratio between
effective and geometric surface area) was measured by
adye (N719) desorption method, showing an optimum
deposition pressure of 7 Pa; see Figure 2. Since the
roughness factor determines the surface area per unit
volume for a given thickness, it can also be estimated
by multiplying the surface area per unit weight times
the density of the sample. This quantity will be named

RFger since the specific surface area was characterized
by the Brunauer—Emmett—Teller (BET) technique on
samples of known weight. RF is expected to be always
lower than RFggr since, due to the large difference in
probe size, dye, and N,, respectively, not all the sur-
face accessible to N, will be accessible to the dye.
As-deposited structures, at all pressures, present an
extremely high surface area (up to 350 m?%/g, not
shown) that is reduced by an average 5-fold factor
after thermal treatment at 500 °C to 20, 55, 62, and
72 m?/g for samples deposited respectively at 5, 7, 10,
and 15 Pa, still comparable with the value of the
reference standard photoanode of 75 m%/g. The den-
sity of the structurally more stable deposits was esti-
mated by weighing deposits of known area and
thickness. While film density decreases with pressure,
the specific BET surface area increases. It is interesting
to note that in the case of pressures lower than 7 Pa
RFger is limited by the low surface area, while for higher
pressures by the low density. The RFger has a maximum
for photoanodes fabricated at 7 Pa, in accordance with
the RF measured by the dye method. Parallel to
density, the average pore diameter (see Figure (Sl) 3)
increases from 5 nm for the 5 Pa sample to 19 nm at
15 Pa, with the optimal sample at 12 nm, while the
reference photoanode has an average pore diameter
of 20 nm. To compare the two architectures, the full
distribution of pore sizes should be considered. In fact,
PLD samples exhibit a much wider pore diameter
distribution arising from the hierarchical nature of
the material itself: nanometer-sized pores within the
inner core of the trees, larger pores embedded be-
tween each branch, and straight vertical channels up to
hundreds of nanometers among the nanotrees. This
phenomenon is not present in the nanoparticle paste
sample, where the pore size distribution is more uni-
form and peaked around the average nanoparticle
diameter.

Besides higher surface area, trees deposited at 7 Pa
and thermally treated at 500 °C for 2 h have a complex
hyperbranched structure with an overall conical enve-
lope forming an angle of 15—20 degrees to the tree
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Figure 3. High-resolution TEM images of PLD deposited film at 7 Pa. Here it is possible to appreciate the hyperbranced
structures (left-hand side and center), the single crystals with (011)-type surface terminations, and sets of (004) planes running
perpendicular to the branch (right-hand side) seen along the [100] zone axis.

growth axis. Figure 3 shows the transmission electron
microscope (TEM JEOL 4000EX at 400 kV) images of the
TiO; film. TEM and high-resolution TEM images show
single-crystalline branches developing in the ¢ direc-
tion with a characteristic size of 50 to 100 nm. The
measured lattice spacings match the anatase TiO,
structure. Lattice fringes are well resolved even at the
outer surface, confirming the high crystallinity of the
branches. As shown in Figure 3, the branches display
continuity of lattice planes, and surfaces are preferen-
tially terminated with (011)-like planes. As reported
in the literature, hyperbranched structures of anatase
TiO, are preferentially enclosed by a majority of
(011)/(101)-type facets on the longitudinal walls and
can be terminated by (001)-type facets at the opposite
basal sides.?® This particular growth configuration is
thought to be a phenomenon arising in order to
minimize the total free energy during crystallization
in a mechanism similar to oriented attachment.'®?'
The high film density in the case of the PLD 7 Pa sample
allows primary crystal seeds to undergo a free energy
minimization process, which does not occur in the case
of less dense morphology (higher deposition pressures).
The preferential growth along the ¢ axis was confirmed
by X-ray diffraction (XRD) spectra of TiO; film as shown
in Figure 4. Indeed, the peak intensity ratio of (004) to
(101) in the XRD spectrum of anatase is equal to 1.33 for
PLD film deposited at 7 Pa, which, compared to the
powder value of 0.198, is a clear indication of the strong
preferential growth along the [004] direction.?" It is
worth noting that the rutile phase appears, even
though just in traces, in samples deposited at 10 and
20 Pa.

Optical Characterization. The optical characteristics of
the photoanodes after thermal treatment are evaluated
with a UV/vis spectrophotometer (see Experimental
Section) on bare titanium dioxide deposited at different
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Figure 4. XRD spectra of PLD samples deposited at 7, 10,
and 20 Pa compared with the reference XRD spectrum of
TiO, nanopowder.

pressures to quantify their light-scattering properties.
A standard thickness of 1.7 um, typical of ss-DSC, was
chosen. The multiscale nature of the nanotrees, with a
pseudocone shape, introduces scattering elements
with a high effective refractive index and increasing
characteristic size from the glass substrate upward.?® In
this way we obtain a condition where, for an extended
range of wavelengths, a large fraction of the light
emerges from the photoanode at an angle higher than
4 degrees, as shown in Figure 5a. This high scattering
efficiency, coupled with the metallic back reflector (the
Ag contact), effectively multiplies the optical path
within the photoanode. In Figure Sl (5) the haze factor
of the photoanodes grown at different pressures,
defined as the diffuse over the total transmittance, is
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plotted as a function of wavelength. The optimum,
achieved at a deposition background pressure of 7 Pa,
enabled scattering of 40—80% of the transmitted light
over the whole visible range.

The total transmittance and haze factor of all de-
vices fabricated with PLD at different pressures and
with standard nanoparticle paste can be found in the
Supporting Information in Figure (SI) 5. An important
feature highlighted by the graphs in Figure (Sl) 5 is that
the scattering does not have a predominant backward
component. Indeed, total transmittance is reduced by
a small factor, while its diffuse component is increased
significantly in PLD photoanodes, which therefore
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Figure 5. Optical analysis of devices fabricated at different
pressures by pulsed laser deposition compared with a
standard nanoparticle mesoporous layer. (a) Diffuse trans-
mittance and (b) absorptance.

scatter the light within the device, increasing its optical
density. In turn, after sensitization with the N719 dye,
the probability of photon—dye molecule interaction
and therefore absorptance is increased as shown in
Figure 5b%° by up to 37.5% compared to the nanopar-
ticles reference. Given that the roughness factor is
generally lower than the reference (between —21%
and —8%), we attribute the enhancement in optical
density to the particular light-scattering characteristics
of the hierarchical photoactive layer. Subtracting the
absorptance of glass, FTO, the compact layer, and bare
TiO, from those of the same system with TiO,/dye, the
light harvesting efficiency (LHE actually connected to
photogeneration) was obtained (Figure 6a). By inte-
grating the LHE spectra in the visible range (350—750)
multiplied by the solar photon flux AM1.5 and assum-
ing 100% internal quantum efficiency (IQE) (i.e., each
absorbed photon is converted into charge carrier
transported to the electrode), it is possible to estimate
the maximum expected photogenerated current den-
sity values for different devices. The maximum photo-
currents attainable from the hierarchical and nano-
particle photoanodes were estimated to be 6 and
4.6 mA/cm?, respectively, showing a 30% increase. A
more detailed optical analysis of the transmittance,
conducted at different stages of the device fabrication
to isolate the contribution of each cell component, can
be found in the Supporting Information.

Photovoltaic Performance Characterization. In prelimin-
ary test screening on hierarchical photoanodes pre-
pared at different conditions (5,7, 10, 15, and 20 Pa, not
reported), samples prepared at 7 Pa emerged as the
best, coherent with the results of the optical character-
ization. Table 1 shows the photovoltaic performance
for the optically optimized photoanode, whereas in
Figure 6b the best device performance is presented.
Full statistics are presented in the Supporting Informa-
tion (Figure (SI) 8).

External quantum efficiency (EQE) measurements
were performed on typical devices produced using
PLD and mesoporous photoanodes. EQE spectra were
divided by the LHE spectra to derive the internal
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Figure 6. Light harvesting efficiency (red), EQE (black), and IQE (blue) spectra for nanotrees fabricated by PLD at 7 Pa (solid
line) and for standard nanoparticle paste (dotted line). (b) Best devices' J—V curves for device optically optimized nanotrees
(red) and reference nanoparticle standard (black) fabricated with N719 dye.
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quantum efficiency of both device types (Figure 6a).
We consider the higher IQE of the PLD photoanodes to
be a result of the particularly elongated structure of the
hierarchical material, which creates a preferential path-
way for the photogenerated electron collection. The
average IQE was estimated by dividing the measured
photogenerated current density at short circuit by that
estimated by LHE spectra integration.

For the nanotrees, between 350 and 750 nm, we
estimate an average IQE of 35% compared to that of
nanoparticle-based devices of 27% (+30%). In order to
check if this striking increase in performance is main-
tained in the case of high extinction coefficient dye
molecules, we fabricated devices with D102 organic
dye (for experimental details refer to ref 30). In Figure 7
we report the LHE of the devices fabricated using D102
dye. When integrated, these spectra yield maximum
expected photocurrents of 9.22 and 6.87 mA/cm? for
nanotree-based and for nanoparticle-based standard
devices, respectively (+34%). This is confirmed by the
actual value of the short-circuit current obtained in the
best performing devices, 7.02 and 4.76 mA/cm? for
optimized nanotrees and standard nanoparticles,
respectively (+47%). Due to similar V. (0.91 V vs 0.89 V)

TABLE 1. Best and Average Photovoltaic Performance of
the PLD-Based Devices Sensitized with N719 Dye and
Fabricated with the Optically Optimized Photoanode
Anode and of the Nanoparticle Standard Device

open-circuit  short-circuit current il factor

and slightly better fill factor values (57.0% vs 50.5%), a
substantially higher (+66%) power conversion effi-
ciency was obtained (3.96% vs 2.29%) in the case of
devices fabricated with the nanotree-based photo-
anode architecture. It is worth noting that the efficiency
of the PLD devices is among the highest reported for
devices fabricated similarly with D102 dye and Spiro-
OMeTAD.2"32 Moreover, it is even higher than the
values obtained with volatile electrolyte DSCs in pre-
vious works on similar photoanodes.?>**%* In order to
probe the transport and recombination characteristics
of the devices, measurements of photovoltage and
photocurrent transients were performed on devices
fabricated with D102 dye on a 1.7 um thick photo-
anode. In Figure 8 we show the charge lifetime as a
function of charge density for standard nanoparticle-
based photoanodes and for the PLD fabricated one.
The measurements are performed in open-circuit and
short-circuit conditions. At open circuit the photogen-
erated charge decay represents the recombination
characteristics of the devices; a longer lifetime corre-
sponds to lower charge recombination within the
device. While the PLD nanotrees appear to exhibit
slightly slower recombination at the same charge
density, the differences are minor and well within
sample to sample variations. This is consistent with
photoanodes exhibiting similar surface areas. At
short-circuit conditions, the photogenerated charge
decay provides information about the time re-
quired for charges to exit the device. Again, the
PLD-grown and the standard nanoparticle photo-

N719 voltage (V) (mA/em?) ) 7 (%) anodes behave very similarly, with overlapping
nanotrees (7 Pa) 067 50 n 177 points at high Il.ght intensities. ThIS'IS likely c'jue'to
best the fact that while the larger crystalline domain size
nanoparticles best 072 488 41.90 156 of PLD photoanodes should in principle boost elec-
increment (%) —6.94 +2131 +181 41346 tron transport, the high packing density between the
nanotrees (7 Pa) 0.70 270 45.55 0.86 PLD branches (which yields the high surface area) is
average such that a high number of interfaces is present
nanoparticles 0.72 2.00 4438 0.64 between them.33
average Besides the similar behavior at equal charge density
increment (%) —272 +35.06 +2.65 +34.37 R X

(chosen because of its more relevant physical
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Figure 7. Light harvesting efficiency (LHE) (a) and J—V characteristic (b) of the device sensitized with D102 dye.
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Figure 9. Schematic of the spectrophotometer setup used
for measuring diffused transmittance. The same setup is
also used to measure the total transmittance by applying a
100% reflective mirror to impede the nonscattered light
from exiting the sphere.

meaning) at this point it is worth noting that, as a result
of higher optical density of the hyperbranced nano-
trees, the charge density at equal illumination intensity
is increased for PLD photoanodes. This is thought to
lead to better saturation of trap states and conse-
quently to slightly faster electron transport. Enhanced

EXPERIMENTAL SECTION

XRD Measurement. X-ray powder diffraction experiments were
carried out on a Bruker D8 Advance diffractometer operating in
reflection mode with Ge-monochromated Cu Ka1 radiation
(A = 15406 A) and a linear position-sensitive detector, with a
260 range of 20—80° and a step size of 0.016°.

Ti0, Photoanode Fabrication. Pulsed laser deposition consists in
a pulsed excimer laser (Coherent KrF, A = 248 nm) focused
through a lens and a window, on a target of selected material—
in this case TiO,—inside a vacuum chamber.

The laser is used with a pulse repetition rate of 20 Hz with
400 mJ energy per pulse. The target is ablated ejecting a plasma
plume toward the substrate where deposition takes place. The
substrates are rotated at 10 rpm (0.95 m/s tangential velocity)
to regulate both the growth regime and the film uniformity.
The kinetics of the recondensations, and thus the morphology
of the deposit, is controlled by the target substrate distances
(5 cm) and the gas pressure, which directly affects the energy
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optical properties therefore lead to higher charge
photogeneration and thus better photovoltaic
performances.

CONCLUSIONS

We have demonstrated a self-assembled growth
from the gas phase of an array of hierarchical TiO,
mesostructures comprised of anisotropic single-crys-
talline branches upon thermal annealing. The resulting
hyperbranched structure can be grown directly on an
FTO-glass substrate without the need for any paste
preparation and subsequent processing. Solid-state
dye-sensitized solar cell photoanodes were success-
fully fabricated and characterized, showing significant
improvement in power conversion efficiency. This
result was mainly due to an increase in photogener-
ated current resulting from the peculiar hyperbranced
structure combining a high roughness factor, broad-
band light scattering, and efficient electron transport.
We believe that this optimized photoanode architec-
ture can be the basic element, a scaffold, to build on
state-of-the-art solid-state DSCs and even their liquid
electrolyte counterparts.

dispersion of the nanoclusters. In this experiment O, is used as
background gas also to control the stoichiometry of the tita-
nium dioxide deposit. Different gas pressures (see text) are
tested, while all the other parameters are kept constant. The
thickness of the samples is regulated by setting a specific
number of laser pulses.

Device Fabrication. Devices are fabricated growing 1.7 um
thick hierarchical nanostructures on FTO glass (Dyesol, 15 €/sq)
previously coated with 100 nm of a compact TiO, buffer layer
deposited by spray pyrolysis.

After the depositions of 1.7 um thick PLD photoanodes, they
are thermal treated at 500 °C for 2 h to turn them into anatase
phase. The substrates are dipped at 70 °C for 1 h in a 0.5 mM
water solution of titanium tetrachloride to passivate the surface
defects. Samples are then washed and fired again at 550 °C for
other 45 min to burn out the solution residuals. At 70 °C the dye
sensitization takes place. For N719 the samples are left dipped
in dye for 18 h, while for D102 2 h sensitizations are enough to
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ensure complete dye chemisorption (for further details see
ref 30).

Spiro-OMeTAD, earlier dissolved in chlorobenzene and
added with Li salts and tert-butylpyridine, is spin-coated on
the sensitized device, and eventually 200 nm thick silver
counter electrodes are thermally evaporated.

Optical Characterization. All optical measurements were per-
formed in a UV/vis spectrophometer with an integrating sphere
(Perkin-Elmer Lambda 1050 spectrophotometer—Xe lamp) to
account for the diffusely transmitted light. The transmittance
measurements are carried out placing the sample with the
scattering PLD photoanode slightly within the integrated
sphere so as to collect completely also the diffuse transmittance
but, at the same time, avoiding contributions from the reflec-
tance. The minimum angle (6 = 4°) for considering the trans-
mitted light as diffuse was calculated by considering the
aperture diameter (a = 2.1 cm) allowing the direct light to exit
the integrated sphere and the distance (d = 15 ¢cm) of the
sample from this aperture.

Solar Simulator and EQE Measurements. Photovoltaic performances
were measured with a Newport Sun Simulator (Oriel Sol3A Class
AAA solar simulator), employing an opaque mask to define the
active area of the solar cells, and the external quantum effi-
ciency was measured with a Newport setup operating in dc
mode without bias and in a dark environment.
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