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ABSTRACT: In this work, we report on ~4% power
conversion efficiency (PCE) depleted bulk heterojunction
(DBH) solar cells based on a high-quality electrode with a
three-dimensional nanoscale architecture purposely designed
so as to maximize light absorption and charge collection. The
newly conceived architecture comprises a mesoporous
electron-collecting film made of networked anisotropic
metal-oxide nanostructures, which accommodates visible-to-

TiO. BNC

+PbS QDs

infrared light harvesting quantum dots within the recessed regions of its volume. The three-dimensional electrodes were self-
assembled by spin-coating a solution of colloidal branched anatase TiO, NCs (BNC), followed by photocatalytic removal of the
native organic capping from their surface by a mild UV-light treatment and filling with small PbS NCs via infiltration. The PCE ~
4% of our TiO, BNC/PbS QD DBH solar cell features an enhancement of 84% over the performance obtained for a planar
device fabricated under the same conditions. Overall, the DBH device fabrication procedure is entirely carried out under mild
processing conditions at room temperature, thus holding promise for low-cost and large-scale manufacturing.

KEYWORDS: bottom up, nanocrystal, depleted bulk heterojunction, solution-processed photovoltaics

B INTRODUCTION

Photovoltaic (PV) technology is a highly attractive process for
supplying clean and renewable energy."” The growing demand
for PV alternatives has stimulated intensive research efforts
toward the so-called third-generation organic’ > and dye-
sensitized solar cells,”” which promise to perform solar energy
conversion at lower cost than well-established technologies. In
the search for high-efficiency and cost-effective solar cell
solutions, nanostructured materials have also drawn much
interest.”” Among these, colloidal semiconductor nanocrystals
(NCs) offer many opportunities in the assembly of nanoscale
1012 and, most
notably, allow attributing enhanced or novel functions crucial to
the design of advanced optoelectronic devices. Essential to
realizing their PV applications through the bottom-up approach
is the rational control of the key NC parameters, including

devices and arrays by the bottom-up paradigm
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chemical composition,"® crystal structure,"* size,"> morphol-
ogy,16 and surface ligands,17 which determine the ultimate
electronic and optoelectronic properties critical to predictable
device functioning,

Novel device architectures based on solution-processable
colloidal NCs and nanostructured interfaces at the electron-
extracting electrode can enable improved photocurrent by
allowing a higher overall light absorption.'®™*° This has been
demonstrated using ZnO nanowires'’ or large TiO, nano-
structured electron-accepting templates® infiltrated with PbS
quantum dots (QDs) in devices known as depleted bulk
heterojunction (DBH) solar cells, analogous to their bulk
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Figure 1. (a) Sketch of the DBH device. (b) TEM micrograph of the as-synthesized TiO, BNCs (inset is a magnified mage of a single BNC (scale
bar = 20 nm)) and (c) of the as-synthesized PbS QDs with the corresponding size distribution (inset).

heterojunctions (BHJ) widely employed in PV polymer
devices.*"** In such PV cells, a three-dimensional-configured
electron-acceptor film allows a larger volume of QD sensitizers
to be incorporated, which naturally guarantees a blend of
satisfactory light-harvesting and efficient charge-collection
properties, otherwise difficult to achieve at once in conventional
devices based on p—n junction bilayers.”>**

There is still much scope for further improvement in device
structure through engineering electrodes with high electron
mobility, based, for example, on nanopillars, nanowires, and
nanopores, by means of mild low-temperature, solution-based
processes. In fact, all attempts made so far to address these
challenges have relied on the development of ZnO or TiO,
electrodes via procedures that involve a thermal annealing step
at temperatures of ~400—500 °C either to generate the desired
nanowire structures” or to convert an initial sol—gel derived
nonstoichiometric amorphous metal-oxide from into a
crystalline stoichiometric phase and remove any associated
organic components.'® Such fabrication approaches severely
limit substrate choice and monolithic multijunction device
architectures.

In this paper, we report on a room-temperature, solution-
processed infrared-bandgap DBH solar cell that relies on a
three-dimensional (3D) electron-acceptor thin-film layer
obtained upon self-assembly of preformed colloidal branched
anatase TiO, NCs (BNCs). The processing under mild
conditions guarantees that the TiO, BNCs retain their crystal
phase and geometry, leading to a uniform 3D thin-film
architecture characterized by a mesoporous nanostructure
with effective inter-BNC connectivity. After deposition, the
native insulating hydrophobic surfactants bound to the surface
of the BNCs are removed by exploiting UV light-driven
photocatalytic demolition.>>*® The resulting 3D network of
BNCs allows accommodation of a large volume fraction of
light-sensitizer PbS QDs into the nanoscale voids intervening
within the mesoporous TiO, films via facile infiltration. As a
result, light harvesting in the vis—near IR region is maximized,
and concomitantly, electron diffusion is facilitated by the
extended heterointerface holding between TiO, BNCs and PbS
QDs. Development and optimization of large-interfacial-area
solar cells based on the above NC-based DBH device design
have been guided by a careful study of the charge-separating
interface between the electron accepting and donating phases.
A complete investigation on the role of materials processing
parameters and their influence on the ultimate PV performance
of the DBH solar cells has been carried out.

For an optimal solar cell configuration, we demonstrate a
record photon energy conversion efficiency (PCE) of 3.9%
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under simulated AM1.S illumination, which is, to the best of
our knowledge, among the highest NC-based DBH solar cell
efficiency ever documented for devices fabricated under room-
temperature conditions. Our DBH structure demonstrates an
overall 2-fold improvement in PCE compared to a p—n
junction bilayer made under the same conditions. Moreover, a
fundamental study of the photoinduced charge carrier
dynamics, performed by nanosecond transient absorption
spectroscopy measurements, reveals that the DBH structure
achieves efficient charge separation and transport due to an
increase in the carrier lifetime.

B RESULTS AND DISCUSSION

Our DHB device structure (see Figure la) consists of a
sandwich of (i) a flat and dense buffer layer of colloidal TiO,
nanorods (NRs) spin-coated onto an indium tin oxide (ITO)
electrode and (ii) a 3D-networked TiO, BNC mesoporous film
backfilled with PbS QDs via infiltration. The PbS QDs exhibit a
broad absorption over the entire solar spectrum and allow the
solar cell sensitivity to be extended to the infrared radiation.
Upon absorption, charge separation occurs at the extended
interface between the PbS QDs and n-type TiO, within the
BNC-made mesoporous film.

TiO, BNC Film Fabrication. Colloidal anatase TiO, BNCs
were synthesized by a surfactant-assisted nonaqueous sol—gel
route based on sequential aminolysis and pyrolysis reaction of
titanjum oleate complexes, which take place upon high-
temperature processing of TiCl,/oleic acid/oleyl amine/
octadecene mixtures under an inert atmosphere.”” In this
approach, the surfactants play the multiple roles of reactants
(oleic acid serves as oxygen atom source, while oleyl amine acts
as nucleophile driving the aminolytic decomposition), reactivity
moderators, and surface stabilizers preventing irreversible
coalescence during growth. After synthesis and purification,
the BNC:s are easily redispersible in nonpolar organic media for
subsequent solution-processing, due to the robust hydrophobic
shell of oleate anions bound to their surface.”’ Figure 1b
reports a representative transmission electron microscopy
(TEM) image of the TiO, BNCs used in this work. Individual
BNCs are made of a bunch of multiple nanorod arms (3—4 nm
in diameter, 80—100 nm in length) that appear to have been
tied at their median region and fanned out at their extremities
in a sheaf-like configuration. The BNCs are single-crystalline
tetragonal-phase anatase nanostructures, composed of [001]-
elongated arms departing out of the central branch region. A
detailed characterization of the structural properties of the
BNCs can be found elsewhere.”’”
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The BNCs were used as building blocks to construct thin
films that should function as the electron-acceptor layers in the
designed DBH solar cell. Due to their particular open-split
skeleton with double-fantail morphology, such BNCs can be
expected to be assembled into 3D mesoporous architecture
allowing a significant volume fraction of nanoscale voids for the
incorporation of QD sensitizers of suitable size.

In the electron-acceptor layer fabrication process, a major
challenge concerns the placement of the NCs within the active
device structure and the preservation of their original structural
and geometric features. Most current approaches devised to
assemble 2D and 3D NC superlattices on solid substrates rely
on time-consuming colloidal crystallization techniques that
require NCs with monodisperse sizes and shapes and precise
control of interparticle interactions.”** The application of such
procedures to construction of NC assemblies in a device
structure remains inherently prohibitive. For a successful
integration of self-assembled BNCs into our working device,
the key step required was represented by the formulation of an
appropriate spin-coating solution. Indeed, uncontrolled inter-
particle aggregation phenomena that commonly occur during
NC solution preparation could have dramatic effects on the
ultimate energy conversion efficiency of a solar cell.

To reproduce the same conditions as those used for our
device fabrication, the optimization of the TiO, BNC layer
deposition process was carried out on a dense and flat buffer
layer made of small (3—4 nm X 20 nm) anatase TiO, NRs,
which was assembled as reported earlier”>° (see Methods for
details). The concentration of BNCs and the solvent of the
spin-casting solution were tuned, with predictable effects on the
resulting mesoporous layer, as illustrated in Figure 2a,b. Upon
depositing a diluted chloroform solution of the as-synthesized
TiO, BNCs, the BNCs pile up into 3D island-like stacks,
leaving large regions of the TiO, NRs underlayer uncovered
(Figure 2a). For very low BNC concentrations (Figure 2b), a
countable number of BNCs distributed homogeneously on the
TiO, NRs underlay is obtained. The BNCs can be imaged
individually, or in close-packed groups of a few individuals (see
inset in Figure 2b).

On changing the solvent from chloroform to toluene (Figure
2c) or a-terpineol (Figure 2d), the deposited films still entail
BNC:s assembled into 3D stacks. In all of these cases, although
the initial BNC coverage of the buffer layer stays high, regions
characterized by BNC multilayers occurred frequently, with the
total area of intervening “voids” staying approximately constant,
regardless of dispersing solvent used. This fact suggests that the
BNCs may tend to form aggregates already in solution or
during solvent evaporation, due to strong interparticle
attractions. Therefore, further attempts to pursue uniform
BNC layers starting from exceedingly diluted suspensions were
considered to be useless. For the purposes of this work, we have
not studied such multilayer structures, but instead we have
focused on the more controllable process of generating ordered
nanostructured BNC monolayer and submonolayer coverage
suitable for device fabrication.

In order to facilitate screening of interparticle attractions and
promote BNC deposition into uniform films conformal to the
NRs buffer substrate, we have devised a simple approach for the
formulation of the spin-coating precursor solution, reminiscent
of the technique exploited to prepare screen-printable TiO,
BNC pastes suitable for fabricating mesoporous oxide photo-
electrodes for dye-sensitized solar cells.”® Our strategy allows
one to simultaneously adjust the miscibility of the BNCs in
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Figure 2. Top-view SEM images of UV-treated TiO, BNC films
deposited onto a flat layer of TiO, NRs. The as-synthesized TiO,
BNCs were diluted at different concentrations before the deposition:
(a) 1.1 mM in chloroform (1:1 v/v), (b) 0.3 mM in chloroform (1:6
v/v), (c) 1.1 mM in toluene (1:1 v/v), (d) 1.1 mM in a-terpineol (1:1
v/v). (e and f) 1.1 mM in a-terpineol obtained by adding incremental
aliquots of the as-synthesized BNCs in a-terpineol until reaching the
desired concentration.

their dispersing solvent and improve their colloidal stability by
using a-terpineol as both a regulator of medium polarity and
viscosity and a surface binding agent. The technique by which
the BNCs/a-terpineol mixture is prepared is critical to
guaranteeing optimal results. Our procedure involves perform-
ing the slow calibrated addition of a chloroform solution of the
as-synthesized BNCs to a-terpineol under vigorous stirring (see
Methods). Such a particular sequence of combining BNCs and
a-terpineol facilitates disruption of the original BNC aggregates
and subsequent maximization of interactions between the
hosting medium and the as-deassembled BNCs. This
mechanism ensures efficient kinetic stabilization of the BNCs
that are gradually liberated, thus depressing the tendency
toward recoagulation (which otherwise dominates when an
exceedingly high concentration of BNCs is present during the
course of BNC/a-terpineol mixing). SEM inspection at variable
magnification of films spin-casted from the as-prepared BNC/
a-terpineol solution on the TiO, NRs buffer layer (Figure 2e,f)
reveals formation of a continuous spongy network of
individually distinguishable nanoscale building blocks, which
are interconnected through small junction points at random
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Figure 3. (a) Cross-section SEM image of the TiO, NRs/TiO, BNC/PbS QDs DBH on the Si/SiO, substrate and (b) sketch of the corresponding
DBH layer. (c) SEM image of a polished section of the BHJ (left) along with a corresponding EDS line scan profile (right) showing the Pb Ma Ti
Ka and O Ka signals acquired along the dashed white line marked on the SEM picture.

locations and hence appear to be accommodated in different
relative orientations relative to the substrate underneath.
Interestingly, such identified units possessed dimensional and
morphological features closely resembling those of the starting
BNCs. Further demonstration is given by the atomic force
microscopy (AFM) topography and phase images (Figure S1 in
the Supporting Information (SI)).

The oleate ligands bound to the BNC surface, and whenever
used, the a-terpineol additive molecules were eliminated by
exposing the film to a cw-UV lamp at room temperature in the
air. The UV-treated TiO, BNC films were examined by FT-IR,
which showed the suppression of the stretching vibrations of
the C—H moieties of the alkyl chain signals, thus proving the
effective removal of the surface ligands (Figure $2, SI).>>*¢

By means of the procedures for TiO, BNC film deposition
described above, three main advantages, relevant to DBH
device fabrication and operation, can be achieved. First, the
conductivity of the BNC films is increased by eliminating the
potential barrier caused by the original insulating native ligands
and any other contaminating organic components. Second, a
3D nanostructured mesoporous film with regular thickness and
homogeneous texture without any detectable micrometer size
aggregates and cracks over areas of several square micrometers
is obtained. Third, the overall fabrications approach allows
fabrication of robust electrodes at room temperature, thus
bypassing the harsh sintering treatments that are instead
required to create conductive electron-extracting oxide films by
conventional approaches.'®?°

Device Operation and Performance. Small TiO, NRs (3
X 20 nm) were spin coated on the indium—tin oxide (ITO)
substrate to create a close-packed layer (40 nm) that could not
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be penetrated by the PbS QDs, hence preventing shunting
between the PbS QDs and ITO. The elongated structure of NR
shaped TiO, leads to a more efficient charge transport with
respect to the spherical one.>' The second layer of TiO, BNCs,
which was deposited as described above, represents the 3D
nanostructured electrode of our DBH device. The thickness of
this layer corresponds to the length of a single BNC (~150
nm), that is, the maximum thickness achievable with one
deposition step. The formation of a BNC monolayer guarantees
an optimal pore size to ensure a complete infiltration of PbS
QDs. The deposition of additional BNC layers to obtain a
thicker scaffold will result in a reduction of the pore size to the
detriment of PbS QDs infiltration. To sensitize the BNC TiO,
layer, we used PbS QDs with a narrow size distribution of 2.8 +
0.5 nm, as demonstrated by the TEM micrograph and relative
size histogram in Figure 1b. The absorption spectrum of a
toluene solution of the PbS QDs in Figure S3 displays a well-
resolved exciton transition signal, centered at 871 nm, in
agreement with the QD size regime and monodispersity. The
corresponding photoluminescence (PL) spectrum is charac-
terized by a single narrow emission band, Stokes-shifted by 124
nm with respect to the corresponding exciton absorption peak,
which originates from band-edge recombination. No signal can
be ascribed to defect states.

The PbS QDs were deposited layer-by-layer on the electrode
until an optimal thickness had been reached. During this
process, the QDs intercalated within the voids of the networked
BNCs, approaching a limiting filled volume fraction beyond
which excess QDs started to accumulate on the top of the BNC
film. To avoid direct contact between the top ohmic contact
and the TiO, BNCs, the overall thickness of such a 3D PbS/

dx.doi.org/10.1021/am500110x | ACS Appl. Mater. Interfaces 2014, 6, 5026—5033
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Figure 4. Current density vs applied bias (J—V) characteristics under AM1.5 G (100 mW cm™>) simulated solar illumination (a) and in the dark (b)

for the DH and DBH based solar cell.

TiO, bulk heterojunction was set so as to slightly exceed (~180
nm) the thickness of the mesoporous BNC layer (~150 nm).
Figure 3a shows a cross-sectional SEM image of the fabricated
device, obtained from a cleaved edge of the sample. The image
clearly shows the sequence of layers forming the device, i.e., the
TiO, NRs, the TiO, BNC, and the PbS QD layers, respectively.
The sketch of the DBH architecture is depicted in Figure 3b.
While a quite sharp interface separates the TiO, NRs layer
from the TiO, BNC layer, no sharp transition is visible between
the TiO, BNC and the topmost PbS QDs layer. This suggests
that the PbS QDs could actually have intercalated within the
TiO, BNC layer through the recessed pores naturally
accommodated within the network of interconnected TiO,
BNCs. To confirm this picture, the compositional profile of the
DBH layer across the PbS QD/TiO, BNC interface was
assessed by spatially resolved energy-dispersive X-ray spectros-
copy (EDS) analyses. EDS line scan profiles were collected on a
finely polished section, obtained by ion milling after the
deposition of a protective Pt strip on the PbS QD surface. The
analyses were performed at high resolution, in order to map the
distribution of chemical elements on a nanometer length scale.
Figure 3c reports a SEM image of a polished cross-section of
the DBH, where the topmost Pt strip and the other layers of
the device are evident. It is worth noting that the section
preparation procedure enhanced the contrast of the image, thus
allowing the visibility of the PbS QDs in some areas of the TiO,
BNC layer. The Pb Ma, Ti Ko and O Ka signals acquired along
the direction of the electron beam scan are shown on the right
side panel of the SEM image. The spatial profile of the Pb
signal intensity evidences a sharp asymmetry: it initially
increases with the distance from the top surface of the cross-
section, reaching a maximum at about 180 nm; then it slowly
decreases to the background level deeply across the subsequent
150 nm, where the Ti and O signals authenticate the presence
of the assembled BNCs. This feature confirmed that the PbS
QDs had actually diffused into the underlying TiO, BNC layer,
with excess QDs having accumulated on top of it. Further proof
of the presence of PbS in the TiO, BNC layer was provided by
suitable FIB milling experiments (see Figure S4, SI). A
rectangular dig was milled by ion beam on the surface of the
cross-section in order to completely remove the PbS layer.
Successively, EDS spectra were acquired from areas at the
bottom of the dig (where only the TiO, BNC layer was
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present—see Figure S4a) and in the PbS layer, in a region
nearby the dig (Figure S4 b). The corresponding spectra
(Figure S4c) confirmed the presence of Pb and S in both
analyzed regions of the cross-section.

The benefits of using a TiO, BNC layer for solar cells are
demonstrated in Figure 4 and Table 1. For comparison

Table 1. Photovoltaic Parameters for DH and DBH Solar
Cells

device  PCE (%) FF Voe (V) Jo (mA/cm?) Ry, (Q cm™?)
DH 2.10 0.36 0.49 11.55 3.9 x 10°
DBH 3.87 045 0.57 14.98 52 x 10*

purposes, we fabricated a corresponding bilayer device, namely
a depleted heterojunction (DH) device, made of a TiO, NRs
layer (~150 nm) interfaced with a PbS QDs layer with the
same overall thickness as that realized in the DBH device
(~180 nm), while keeping other fabrication parameters fixed.
The current—voltage (I-V) characteristics of the devices under
AM1.5G simulated intensity and in the dark (Figure 4a and b,
respectively—see Table 1) indicate that the DBH device yields
a short-circuit current density (Jgc) in excess of 15.0 mAcm™>
and a higher FF and V¢. The best-performing DBH device can
achieve a PCE as high as 3.9% (with an almost 100%
improvement of efficiency over the DH device), which is
among the best performance ever reported for the solar cells
entirely fabricated at room temperature.

Dark I-V data were examined to gain further insight into the
contribution of the TiO, BNC in this architecture. A fit of the
forward diode current to the linear regime reveals that the
introduction of the BNC interfacial layer leads to a 100 mV
shift in this onset. The improved onset of the dark forward
current implies a reduction in carrier recombination through an
improved interface. Normally, the V3¢ of devices with a bilayer
structure is higher than that of BHJ solar cells because fewer
continuous pathways may act as shorting channels between top
and back electrodes in these devices. Differently, as shown by
the SEM cross-section of Figure 3b, our DBH architecture is
characterized by the presence of two thin layers of TiO, NRs
and PbS QDs located near the ITO and MoOj electrodes,
respectively, which alleviate the shorting drawback, thus
reducing the extent of recombination processes. The shunting
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resistance (Ry,) is an important factor to evaluate the leakage
current level in a solar cell. In the equivalent-circuit model of an
ideal solar cell, the Ry, is infinite and represented by a resistor
connected in parallel with a diode. In real photovoltaic devices,
the shorting current between top and back electrodes reduces
Ry, to a finite value. The Ry’s of different devices were obtained
by calculating the inverse derivative of the dark current at V'=0.
As listed in Table 1, a higher V¢ is ascribed to a larger Ry,
indicating a lower leakage current in devices based on BNC
films. This is also corroborated by an increase in the FF (Table
1), which implies a higher maximum power point current as a
result of delayed turn-on of current injection due to the charge-
blocking effect.

For the sake of completeness, we have also analyzed the J—V
characteristics and photovoltaic parameters under illumination
of the devices fabricated using different TiO, BNC films
obtained by changing the suspension preparation conditions
(Figure SS and Table S1), described in the previous section. It
can be readily observed that the photovoltaic parameters
remain unchanged with respect to those of the DH device. This
is probably due to the presence of both large voids and big
aggregates of TiO, BNCs on the TiO, NR underlayer that
inhibit the PbS QDs infiltration. These results emphasize the
importance of the materials processing and how the formation
of a continuous spongy network of individually distinguishable
nanoscale building blocks is suitable for improving device
performance.

To better understand the physical origin of the improved
performances of the BNC-based devices, we performed
nanosecond transient absorption (nsTA) spectroscopy meas-
urements. For comparison, the nsTA spectral evolution has
been carried out for PbS QDs deposited both on NR-only and
on BNC-only films. Results are summarized in Figure S. Figure
Sa shows the differential absorption spectra for the two systems
integrated over the first 500 ns after pump excitation. The PbS
QDs show a positive band peaking around 850 nm, ascribable
to the PbS photobleaching (PB) due to the filling of the 1S
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Figure S. (a) Differential absorption spectra of PbS QDs on TiO,
BNC and NRs-shaped ones. (b) PB dynamics at 830 nm and PA
dynamics at 550 nm probe wavelength in the first 2.5 us time range.
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state, and a negative signal at shorter wavelengths, peaking
around 550 nm, arising from photoinduced absorption (PA)
from populations of QD surface trap states.”® The PA band of
the PbS QDs deposited on TiO, NRs presents a higher
intensity, while the PB band of the two systems is comparable.
This suggests that, upon photoexcitation, a higher density of
trap states is populated in the PbS QDs deposited on TiO,
NRs, relative to QDs deposited on the BNCs, to the detriment
of the percentage of the electrons injected into the TiO,.

Figure 5b illustrates the decay dynamics of the PB and PA
bands. For the PbS QD/BNC system, the monitored PB signal
shows a fast initial decay component (fitted with a time
constant of around 11 ns) and a longer living tail. The fast
initial decay, not observable for the PbS/TiO, NR, or for the
PbS on glass (see Figure S6 in the SI), may reflect the residual
electron transfer from the 1S, level to the TiO, conduction
band levels. It has indeed been demonstrated® that electron
injection at this interface occurs via several pathways over a
temporal range spanning from 200 fs to the hundreds of
picseconds—nanoseconds time scale.

The longer-living component is associated, on the other
hand, with electron—hole recombination (1S, — 1S;), as
retrieved from the PB decay of the pristine PbS QD film (see
Figure S6 in the SI). The PA dynamics is also characterized by a
different behavior for the two samples. The PbS QD/NR
system exhibits a fast component (300 ns) and a longer living
tail, similarly to what was observed for the pristine PbS QD
(see Figure S6 in the SI). Thus, we assign the former to the
recombination of trap states at the QD surface. Interestingly,
the PbS QD/BNC system shows only a residual long-living
component, confirming that after photoexcitation, a lower
density of population fills the trap states. These features can be
directly translated in the observed improved performances of
the PbS QD/BNC based-device, which shows both larger V¢
and higher photocurrent.

B CONCLUSIONS

In summary, we have developed a solution-processing approach
for the bottom-up fabrication of a TiO, thin-film electrode
made of 3D-networked colloidal BNCs, which features a
mesoporous structure, with regular thickness and homogeneous
texture without any detectable micrometer-size aggregates or
cracks. The long-chain insulating ligands attached to the as-
synthesized TiO, BNC are removed by means of a room-
temperature UV treatment in air. We have built a DBH solar
cell in which the newly developed BNC thin-film electrode
works as a 3D-configured acceptor of electrons transferred from
phoexcited infrared-to-visible light absorbing PbS QDs
infiltrated within the BNC network. These TiO, BNC/PbS
QD DBH solar cells allow the achieviment of improved FF,
Voc, and Jsc and a PCE of ~3.9%, featuring an almost 100%
enhancement over the performance obtained for a planar
device fabricated under the same conditions. The use of room-
temperature processing approaches for their fabrication renders
these new DBH QD solar cells compatible with flexible
substrates and multijunction device architectures, which could
pave the way to a further step increase in solar cell efficiency.

B METHODS

Preparation of BNC Solutions for Thin-Film Deposition by
Spin-Coating. A 20 uL aliquot of a colloidal solution of the as-
synthesized (purified) BNCs dispersed in chloroform was slowly
added (1 yL/min) to 1 mL of pure a-terpineol, under vigorous
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magnetic stirring until a concentration of 1.1 mM was reached. The
final solution was stirred at room temperature for 12 h.

Device Fabrication. During device fabrication, a thin blocking
layer of compact TiO, was first deposited by spin coating the anatase
TiO, NRs solution onto a prepatterned ITO glass substrate 2%
Subsequently, a TiO, BNC layer was deposited by spin coating the
anatase TiO, BNCs suspension (700 rpm for 60 s), resulting in a TiO,
BNC film with a thickness of 150 nm. Both the blocking layer and the
mesoporous layer were treated with a continuous-wave-UV (cw-UV)
lamp, as reported in our previous work, in order to remove completely
the insulating surfactants.”>*® The procedure for the deposition of the
PbS QD film is similar to the one reported by Sargent et al."> with
modifications. The PbS QDs were subsequently deposited layer by
layer on the porous TiO, film by spin coating a 50 mg-mL™" solution
in octane. Each layer was cast at a spinning rate of 2500 rpm for 10 s
and thereafter briefly treated with a solution of 0.2% v/v 3-
mercaptopropionic acid (MPA, > 99.0% from Sigma-Aldrich) in
methanol using again 2500 rpm rotational speed for 10 s. This
treatment completely displaced the oleate ligand and rendered the
QDs insoluble, which allowed thin films of 150 nm thicknesses to be
created using seven successive deposition cycles. Each layer was rinsed
with anhydrous methanol and octane (purchased from Sigma-Aldrich)
to remove the excess of MPA and PbS QDs. Finally, a MoO;/Al back
contact of ~10 nm/100 nm thickness was deposited by evaporation
through a shadow mask.

Characterization Technique. Vis—NIR Absorption and Photo-
luminescence Emission Spectroscopic Analysis. For vis—NIR
absorption measurements, a Cary Varian 5000 UV—visible—NIR
spectrophotometer was used. PL emission measurements were
performed with a Horiba Jobin Yvon Fluorolog-3 spectrofluorimeter,
using a 450 Xe lamp as the excitation source, coupled to a double
grating Czerny-Turner monochromator for wavelength selection. The
detection system is constituted of a TBX-PS detector in the visible
range and a Peltier-cooled InGaAs detector in the NIR range.

TEM Analysis. TEM analyses were performed by using a Jeol Jem-
1011 microscope, working at an accelerating voltage of 100 kV. TEM
images were acquired by a Quemesa Olympus CCD 11 Mp Camera.
The samples were prepared by dipping the 300 mesh amorphous
carbon-coated Cu grid in toluene solution of PbS QDs. Size statistical
analysis (NP average size and size distribution) of the samples was
performed by means of freeware Image]J analysis program.

SEM and EDS Analysis. A Zeiss NVISION 40 dual beam Focused
Ion Beam (FIB) machine, equipped with a high resolution SEM
Gemini column and an Oxford 350 x-act EDS spectrometer, was used
for SEM and EDS experiments. Morphological and chemical
investigations were carried out in cross-sectional geometry, both on
a cleaved edge of the device and on ad-hoc prepared sections. The
sections were prepared in situ by ion milling: a protective Pt strip was
electron-deposited on the surface of the sample, very close to one
cleaved edge of the device; then a rectangular dig was milled and the
section carefully polished in order to enhance the visibility of the
layers. Once the polishing procedure had been completed, the sample
was tilted away from the FIB configuration (sample surface
perpendicular to the ion beam and at 54° with respect to the electron
beam) and investigated by SEM and EDS with the section
perpendicular to the electron beam.

Nanosecond Transient Absorption. Nanosecond transient
absorption measurements were carried out with an LP920 laser flash
spectrometer (Edinburgh Instruments) based on a standard transient
absorption setup, where the sample is excited by a nanosecond laser
pulse, and the time evolution of the differential absorption changes
induced by the pump is monitored by a cw light source probe. The
pump pulses were provided by a nanosecond tunable OPOLett-355II
laser (10 Hz repetition rate). The probe light was provided by a pulsed
xenon arc lamp. The sample was kept at a 45° angle to the excitation
beam. The beams were focused onto the sample ensuring the spatial
overlap. The transmitted probe is spectrally filtered by a mono-
chromator and detected. Two different detection systems are used: a
cooled ICCD camera allowing detection of the entire spectral range
from 350 to 850 nm at once and a set of photomultipliers (with both
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vis and near-IR detection window) enabling collecting of the single-
wavelength kinetics with higher sensitivity. The signal was finally
recorded by a TDS 3032C digital signal analyzer. From the
transmission change following photoexcitation, the variation in the
absorption was thus derived as

lOg (Iprobe)

AOD(z, 1) = e

where I, is the transmitted probe with excitation off and I, is the
transmitted probe after laser excitation. The system had sensitivity of 5
X 107* and a temporal resolution of 7 ns.

B ASSOCIATED CONTENT
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Detailed list of chemicals used, methods for synthesis and
purification of nanocrystals. AFM images and FTIR analysis of
TiO, BNC films, complete PL spectrum of PbS QDs in
solution, SEM image with EDS analysis of the cross-section of
the DBH layer after milling, the J—V characteristics of devices
fabricated using the different TiO, BNC suspensions, and
transient absorption dynamic of the PbS QDs deposited on a
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