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ABSTRACT: In this work, we demonstrate enhanced light
harvesting in dye-sensitized solar cells (DSSCs) with gold
nanocubes of controlled shape. Silica-coated nanocubes (Au@
SiO2 nanocubes) embedded in the photoanodes of DSSCs had
a power conversion efficiency of 7.8% relative to 5.8% of
reference (TiO2 only) devices, resulting in a 34% improvement
in DSSC performance. Photocurrent behavior and incident
photon to current efficiency spectra revealed that device
performance is controlled by the particle density of Au@SiO2
nanocubes and monotonically decreases at very high nanocube
concentration. Finite difference time domain simulations
suggest that, at the 45 nm size regime, the nanocubes predominantly absorb incident light, giving rise to the lightning rod
effect, which results in intense electromagnetic fields at the edges and corners. These intense fields increase the plasmonic
molecular coupling, amplifying the carrier generation and DSSC efficiency.
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Dye-sensitized solar cells (DSSCs) have rapidly emerged as
an appealing alternative to silicon photovoltaics due to

the low processing costs and inexpensive constituent materials.
Recent efforts to improve power conversion efficiencies (PCEs)
have focused on the synthesis of panchromatic sensitizers, such
as porphyrins, with enhanced light-harvesting characteristics in
the 600−900 nm wavelength range.1 While effective, the overall
PCE of these sensitizers is often lower than the best performing
ruthenium dyes due to their reduced incident photon to current
efficiency (IPCE) at shorter wavelengths. In addition to organic
sensitizers, semiconductor quantum dots have also been utilized
to enhance light absorption in solar cells.2 However, new
sensitizers often alter the energy band positions relative to the
conduction band of TiO2 and are incompatible with the redox
potential of the electrolyte.3,4 Misaligned band energies result in
poor charge separation and high recombination, lowering the
overall device efficiency. Other strategies to augment light
absorption have focused on increasing the thickness or
changing the morphology of the photoanodes5,6 and adding
scattering layers or back reflectors.7,8 Whereas these approaches
have resulted in incremental enhancements in PCE, the higher
materials and fabrication costs associated with thick film solar
cells have outweighed the benefits. Alternative approaches are
hence imperative to increase the overall light trapping in
DSSCs and enhance the PCE without altering the material or
electronic properties of sensitizers.
Metal nanostructures integrated with DSSCs can significantly

amplify the light-harvesting characteristics of sensitizing

molecules without affecting their chemical functionalities.9−13

Following photoexcitation, metal nanostructures couple in-
cident photons to conduction band electrons, generating
surface plasmon resonances (SPRs). These SPRs give rise to
light scattering into the nanoparticle far field, as well as
generation of electromagnetic near fields, which decay
exponentially within tens of nanometers from the particle
surface.14 By effectively manipulating these near-field and far-
field properties, a range of technological applications have been
realized, including chemical and biological sensing,15 nano-
medicine,16 solar devices,17−19 and photodetectors. The
absorption and scattering efficiencies are governed by both
the nanostructure size and shape. Nanostructures >100 nm in
size primarily scatter light, whereas smaller nanostructures
predominantly absorb light. Unlike spherical nanoparticles,
isotropic and anisotropic plasmonic nanostructures with sharp
edges and corners generate intense fields localized at the
corners and behave as “nanosized light concentrators”.20,21

Such shape-controlled nanostructures, when coupled with
sensitizing molecules in a DSSC, give rise to three distinct
phenomena: (1) nanostructures capture solar energy and
scatter light, which is reabsorbed by the dye monolayer,
increasing the total light harvested by the dye; (2)
nanostructures function as antennas, coupling the plasmonic
near field to the optical absorption of the sensitizer, thereby
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increasing the total absorption cross-section; and (3)
nanostructures convert incident photons to “hot” electrons,
which are rapidly injected into the conduction band of TiO2,
amplifying the number of carriers available for photocurrent
generation.32,33 The strongest plasmon−molecule coupling is
achieved when the absorption of the molecules overlaps with
the nanostructure plasmon resonance, a phenomenon that has
been actively harnessed in surface-enhanced spectroscop-
ies.22−24

Whereas metal-enhanced DSSCs have largely focused on
spherical nanostructures,10,12,13,25−28 here we demonstrate the
use of gold (Au) nanocubes of controlled geometry and
dimensions to enable plasmonic enhancement of solar cells.
Relative to their spherical counterparts, a cubic morphology (1)
has two times higher absorption and extinction efficiency and
three times higher scattering efficiency (Figure S1), (2) has
about two times larger surface area, which suggests more dye
molecules will be enhanced for a given DSSC area (see
Supporting Information for details), and (3) facilitates a higher
concentration of charges localized at the corners and edges,
giving rise to larger electromagnetic fields due to the quasi-
static lightning-rod effect.21,29,30 These confined fields can be
used as a secondary light source to promote optical interactions
with vicinal molecules and materials. In this work, we have
coated the Au nanocubes in a 3−5 nm uniform layer of silica
(Au@SiO2) and incorporated them into the photoanodes of
DSSCs. We observed that 1.8 wt % Au@SiO2 nanocubes in
photoanodes resulted in a 34% increase in the PCE of the
device, and we note that device performance is driven entirely
by an improvement in short-circuit current density. By varying
the concentration of Au@SiO2 nanocubes in DSSCs, we find a
systematic dependence of nanocube wt % on device efficiency.
IPCE measurements demonstrate that the improvement in
device performance is attributed to the enhanced light
harvesting in the visible region of the spectrum due to direct
coupling of Au nanocube plasmons with N719, ditetrabuty-
lammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-
dicarboxylato)ruthenium(II), dye molecules.
Au nanocubes of ∼45 ± 3 nm edge length (Figure S2) were

synthesized following a procedure previously described,31 by a
seed-mediated growth process with cetyltrimethylammonium
bromide (CTAB) ligands as a shape-directing agent in aqueous
media. We calculated the absorption and scattering efficiencies
of rounded-corner nanocubes of a range of sizes (Figure S3).
On the basis of our calculations, at the 45−60 nm size range,
absorption to light scattering ratios are optimal, and hence this
size was chosen. Before integrating the nanocubes in DSSC
anodes, they were coated with a thin, 3−5 nm, layer of silica,
generating Au@SiO2 nanocubes (Figure 1a).

32 The silica layer
serves several purposes. Since metals are electron scavengers,
the silica spacer provides electrical isolation, minimizing
recombination of electron−hole (e−/h+) pairs on the surface
of the metal.12 The silica layer protects the metal from the
corrosive iodide/triiodide (I−/I3

−) liquid electrolyte. Finally,
the silica layer also provides thermal stability to the nanocubes,
reducing Ostwald ripening during the 500 °C annealing
processes necessary for DSSC fabrication. A ∼3−5 nm silica
layer is adequate in providing thermal and chemical stability to
the nanocubes without detrimentally dampening the electro-
magnetic fields surrounding the nanocube surface. Thicker
layers of silica (>10 nm) not only result in a red-shift of the
plasmon resonance due to the higher refractive index of silica,
but also shield the electron oscillation on the metal, causing

plasmon dampening.33 Au@SiO2 nanocubes were integrated in
DSSC photoanodes by mixing a concentrated colloidal solution
with 20 nm TiO2 nanoparticle paste to form a homogeneous
mixture. The mixture was deposited on fluorine-doped tin
oxide (FTO) glass substrates by doctor blading and sintered to
convert the amorphous TiO2 to its crystalline anatase phase.
The nanocube-incorporated TiO2 active layer was then
sensitized with dye. FTO glass with a thin layer of Pt served
as the cathode, and an I−/I3

− redox couple based liquid
electrolyte enabled electron transport between the electrodes. A
schematic representation of the plasmon-enhanced DSSC is
illustrated in Figure 1b. The optical characteristics of the
nanocubes showed good overlap with the absorption spectrum
of the N719 sensitizer (Figure 1c). Finite difference time
domain (FDTD) simulations were performed to predict the
absorption and scattering contributions of the nanocubes and
overall extinction behavior. The calculated extinction spectrum
(Figure 1c) of the nanocubes (555 nm) is slightly red-shifted
from the experimental spectrum (548 nm). This shift is due to
the heterogeneity in the reaction mixture attributed to the
presence of both rounded-corner nanocubes and truncated
nanocubes. Detailed particle distribution analysis is provided in
the Supporting Information (Figure S4). As expected, the sub-
50 nm size regime of the nanocubes results in a very low
albedo, i.e., ratio of scattering to total extinction (Figure 1d),
suggesting that nanocube-enhanced PCE of DSSCs occurs via
near-field coupling with the dye molecules. The electro-
magnetic intensity profile, ⟨E2/E0

2⟩, at the plasmon resonance
peak of the Au nanocubes (Figure 1d inset) illustrates intense
near fields localized at the edges and corners of the nanocubes.
We note that, due to the high absorption to scattering ratio of

Figure 1. (a) Low-magnification TEM micrograph of Au@SiO2
nanocubes and high-magnification image provided in the inset. The
scale bar is 20 nm in the inset. (b) Schematic representation of
plasmon-enhanced DSSCs showing nanocubes embedded within the
N719-sensitized mesoporous TiO2 layer with I−/I3

− liquid electrolyte.
(c) Normalized experimental (solid black) and calculated (dashed
black) extinction spectra of rounded-corner Au nanocubes in aqueous
media with the electromagnetic intensity profile, ⟨E2/E0

2⟩, in the inset.
The absorption spectrum of N719 is also shown (red) to compare the
peak position of N719 with Au nanocubes. (d) Calculated absorption,
scattering, and extinction spectra of 45 nm edge length Au nanocubes
in anatase TiO2 surrounding media.
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Au@SiO2 nanocubes, we chose to embed the nanocubes within
the mesoporous TiO2 layer of the photoanodes (Figure 1a) to
enhance the overall optical absorption of the devices. Plasmonic
nanostructures designed by lithographic approaches have been
incorporated into DSSCs as back reflectors on the conductive
substrate18,34 or on the counter electrode surface,35 both of
which enhance the overall device performance by forward light
scattering with minimal contribution from near-field coupling.
While effective, forward scattered light may not effectively
couple with all of the sensitizer molecules within the ∼10 μm
mesoporous layer; our strategy therefore focused on homoge-
neous mixing of the nanocubes within the TiO2 layer to
maximize proximity to sensitizer molecules.
To understand the mechanism of plasmonic enhancement of

DSSCs, an energy diagram showing the mechanistic processes
of DSSCs incorporated with nanostructured Au is demon-
strated in Figure 2. Upon illumination, Au nanocubes

preferentially absorb (with some scattering) incident light,
generating confined electromagnetic fields on their surface. The
vicinal sensitizer molecules couple with the intense plasmonic
near field, using it as a secondary light source. This plasmon−
molecular coupling results in enhanced light absorption by the
dye molecules, augmenting the number of electron−hole pairs
produced in the sensitizer. This subsequently results in a larger
number of electrons transferring from the lowest unoccupied
molecular orbital (LUMO) of the sensitizer to the conduction
band of TiO2. A larger carrier density increases the overall
short-circuit current density of the DSSCs.
The optical absorption spectrum of the mesoporous TiO2

sensitized with N719 is significantly enhanced with Au@SiO2
nanocubes incorporated in the photoanodes (Figure 3a).
Spectra are shown for the best performing devices containing
an optimized concentration of 1.8 wt % Au@SiO2 nanocubes.
We also show the absorbance in total percentage units in the
Supporting Information (Figure S5) to demonstrate the
amount of light absorbed in the devices. The absorption
enhancement in photoanodes incorporated with nanocubes
(Figure 3b), obtained by normalizing to a reference, shows
strong improvement in light harvesting throughout the visible
and near-infrared. Particularly, a three-fold enhancement in the
400−600 nm region is attributed to dipole−dipole coupling of
nanocubes and dye molecules. We also note that a 4−12 times
absorption enhancement is also observable in the 600−800 nm
region, attributable to a red-shift of the plasmon resonance of

Au@SiO2 nanocubes when embedded in the high refractive
index (n = 2.55) of the TiO2 mesoporous layer (Figure 1d), as
well as some clustering of the nanocubes within the TiO2 layer.
In addition to the red-shift, both clustering of nanocubes and a
high dielectric constant surrounding media also increase the
overall light-scattering ability of the Au@SiO2 nanocubes,
improving the optical path length of the DSSCs and enhancing
the device efficiency.17 The PCEs of reference and plasmon-
enhanced DSSCs of equivalent area of 0.12 cm2 were examined
under AM 1.5 illumination and received one sun (100 mW/
cm2) of power. The best performing reference and Au@SiO2
nanocube-incorporated devices (Figure 3c) had PCEs of 5.8%
and 7.8%, respectively, i.e., a 34% increase in PCE with
plasmonic enhancement of DSSCs. IPCE measurements for
these devices were performed to investigate the spectral
response of DSSCs (Figure 3d) and to examine the light-
harvesting characteristics of the plasmon-enhanced devices. A
supercontinuum white light laser coupled with an acousto-
optical tunable filter was used to modulate the wavelengths
from 400 to 700 nm. While the shape of IPCE spectra of
plasmon-enhanced and reference devices are similar, the
nanocube-incorporated devices showed a remarkable increase
across the visible spectrum, specifically in the 450−550 nm
range, overlapping with the plasmon resonance of Au@SiO2
nanocubes. The IPCE spectra correspond well with the
absorption spectra (Figure 3a), supporting that the nanocubes
promote light trapping in the DSSCs. Enhancement in IPCE of
nanocube-enhanced DSSCs relative to the reference is shown
in Figure S6.
To further understand the light-harvesting capabilities of

Au@SiO2 nanocubes, the optimum concentration of the
nanocubes was found by varying the particle density of

Figure 2. Energy diagram describing how the molecular coupling
between plasmonic nanostructure and sensitizer results in enhanced
absorption by N719, generating more electrons that transfer from the
LUMO of the dye to the conduction band of TiO2.

Figure 3. (a) Optical absorption spectra of mesoporous TiO2 before
and after sensitizing with N719 and embedded with Au@SiO2
nanocubes. The sample TiO2 + N719 is referred to as “Reference”,
and the sample with TiO2 + Au@SiO2 + N719 is referred to as “Au@
SiO2” in (b), (c), and (d). (b) Absorption enhancement after
embedding Au@SiO2 nanocubes in the photoanode. A strong
improvement in light harvesting is observed throughout the visible
and near-infrared. (c) Current density (solid lines) and power density
(dashed lines) curves of the DSSCs with (Au@SiO2) and without
(Reference) nanocubes. Corresponding incident photon to current
efficiency (IPCE) curves are shown in (d). All plasmon-enhanced data
are shown for the best performing devices with an optimized
concentration of 1.8 wt % Au@SiO2 nanocubes.
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nanocubes from 0.6 to 4.47 wt % in the TiO2 active layer. The
absorption spectra of nanocube-embedded anodes are shown in
Figure 4a. For clarity, only selected concentrations are shown

here; detailed spectra of all of the particle densities are shown in
the Supporting Information (Figure S7). The optical
absorption gradually increases across the entire visible spectrum
with increasing nanocube concentration, indicating a stronger
coupling between nanocube plasmons and dye molecules. At
very high particle density of Au@SiO2 nanocubes (>2.95 wt %)
in the TiO2 active layer, we observe a strong red-shift in the
optical absorption, which may be attributable to an increase in
nanocube clustering at such high concentrations. The PCEs of
the plasmon-enhanced DSSCs were examined under the same
conditions as described above. Photocurrent spectra for select
devices are shown in Figure 4b (see Figure S8 for all the
concentrations). IPCE measured in the 400−700 nm wave-
length range (Figure 4c and Figure S9 for all concentrations)
follows a similar trend to that observed in the photocurrent
spectra (Figure 4b); IPCE is enhanced across the visible
spectrum and reaches a maximum for 1.8 wt % Au@SiO2
nanocube concentration and then decreases with increasing
concentration. The IPCE spectral characteristics correspond
well to the absorbance spectra of the N719-sensitized
photoanodes, and all show maximum enhancements in the
450−550 nm range, where the plasmon resonance peak of the
nanocubes occurs. We note that all IPCE spectra show an

enhancement relative to the reference (Figure S9), which
suggests that even at the high particle densities of Au@SiO2
nanocubes, plasmonic light trapping still occurs in these
devices.
The detailed device performances of reference (non-

enhanced) and plasmon-enhanced devices for all of the particle
densities are shown in Figure 5 and also provided in Table S2.

The open-circuit voltage (Voc) and fill factor (FF) of the
devices are almost equivalent (Figure 5a,b) with a significant
increase in the short-circuit current density (Jsc) of the Au@
SiO2 nanocube-incorporated devices (Figure 5c). This indicates
that the observed plasmonic enhancements in DSSC efficiency
are not due to any changes in the electrochemical properties,
but rather due to improved light harvesting in DSSCs, resulting
in an increased Jsc. The best efficiencies obtained for the DSSCs
(Figure 5d) indicate that a maximum PCE of 7.8% is achieved
for plasmon-enhanced DSSCs with 1.8 wt % of nanocubes. We
note that even at a low concentration of 0.6 wt % of Au@SiO2
nanocubes incorporated in the photoanodes, a 6.33% PCE is
obtained, i.e., a 9% increase in efficiency relative to the
reference device (5.8% PCE). Both best and average PCEs of
plasmon-enhanced DSSCs reach a maximum at 1.8 wt % of
nanocubes, then monotonically decrease with further increases
in concentration, and finally level off at 4.47 wt % of nanocubes
in the active layer. This decrease in device performance at high
particle density of Au@SiO2 nanocubes may be attributable to
three phenomena: (1) the high concentration of metal
increases electron−hole recombination, decreasing the number
of carriers available for photocurrent generation; (2) large
volume of nanocubes results in the loss of absorbing dye
volume; and (3) the high nanocube density and interparticle
interaction between adjacent nanocubes may result in light to
heat conversion by electron−phonon coupling. The dissipation
of this heat results in an increase in phonon density, which
consequently reduces the number of carriers available for
photocurrent generation, decreasing device efficiency.13,25 We
have also provided a table in the Supporting Information
(Table S2) with examples from the literature of other plasmon-
enhanced work on DSSCs and how the efficiencies compare to
our work.
In summary, we employed shape-controlled gold nanocubes

coated in a thin, uniform layer of silica, Au@SiO2 nanocubes, in

Figure 4. (a) Optical absorption spectra of N719-sensitized
mesoporous TiO2 with varied particle density of Au@SiO2 nanocubes
embedded in the photoanodes. (b) Corresponding current density
spectra of the devices. (c) % IPCE of the same devices as a function of
excitation wavelength.

Figure 5. Open-circuit voltage (a), fill factor (b), short-circuit current
density (c), and both average and best power conversion efficiency
from five devices are shown as a function of Au@SiO2 nanocube
particle density (wt %). The nanocube concentration was varied
between 0.6 and 4.47 wt %.
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the photoanodes of DSSCs and observed a 34% increase in
efficiency relative to the reference (nonenhanced) devices. By
varying the particle density, we observed a systematic
dependence of device performance on the nanocube concen-
tration; maximum enhancement was achieved with a 1.8 wt %
concentration of nanocubes. The 7.8% PCE achieved with the
best performing plasmon-enhanced DSSC is attributed to a
combination of intense electromagnetic fields confined at the
corners and edges of the nanocubes, due to the lightning-rod
effect, and nanocube scattering into the far field. Both
phenomena give rise to plasmonic−molecular coupling and
enhanced light absorption by the sensitizer. The enhanced
light-harvesting characteristics of DSSCs integrated with
nanocubes will ultimately enable the design of high-efficiency
thin-film solar cells with a thickness of <500 nm with lower
costs and better stability. The intrinsic properties of such shape-
controlled metal nanostructures make them appealing for a
range of optoelectronic devices beyond DSSCs, such as Si
photovoltaics, organic solar cells, perovskite solar cells, and
photodetectors.

■ METHODS
Detailed experimental methods are provided in the Supporting
Information.
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