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Dye-sensitized solar cells (DSSCs) represent one of the most
promising emerging technologies for light-to-electrical energy
conversion.1-4 Among the most attractive potential features of
DSSCs are (a) minimal capital costs for synthesis of component
materials and (b) ease and economy of fabrication. The operation
of DSSCs is based on the division of the light collection and charge
separation functions in the cell. The anode consists of a transparent
nanoparticulate TiO2 (or other metal-oxide) network that is
sensitized with a molecular dye. Upon the absorption of light, the
dye injects an electron into the TiO2 network. The electron travels
through this network until it is collected. The resulting dye radical
is reduced to its ground state by a redox-based mediator, which is
typically I-/I3

-.
Despite intense research efforts, however, the highest reported

efficiencies for DSSCs (ca. 11%) are only slightly higher than those
achieved in the mid-1990s.5 While improvements in photocurrent
and fill factor can be envisioned, the greatest possibilities for
efficiency gains are likely to be those that center on increasing the
photovoltage.3 One approach to decreasing the dark current, and
thus increasing the photovoltage, lies in reducing the surface area
of the TiO2 network, as the dark current is directly proportional to
the photoelectrode surface area.6 However, any decrease in surface
area must be accompanied by a concomitant increase in dye
extinction to offset losses in photocurrent from a lower dye loading.
Indeed, much effort has been devoted to developing more efficient
dyes.7,8 In the present study, we demonstrate the use of plasmonic
particles in DSSCs to increase the extinction of the “N3” dye (cis-
bis-(4,4′-dicarboxy-2,2′-bipyridine) dithiocyanato ruthenium(II)).

Plasmons are created when incident light excites coherent
oscillation of the free electrons in metal nanoparticles (NPs),
typically composed of silver or gold.9 This phenomenon gives rise
to unique properties, such as an intense absorption feature and an
enhanced electromagnetic field, that have been implemented in a
variety of applications ranging from sensing to enhanced fluores-
cence.10-13 Although not thoroughly investigated, the concept of
using plasmon-enhanced dye absorption in DSSCs has been
introduced in the literature.14-16 In the typical experiment, the silver
NPs were in contact with both the dye and the Co(1,10-phenan-
thoroline)3

2+/3+-based electrolyte. A small increase in the photo-
current was observed at longer wavelengths.16 However, unpub-
lished experiments in our lab have demonstrated that a similar
Co(4,4′-di-tert-butyl-2,2′-dipyridyl)3

2+/3+-based electrolyte etches
silver NPs.

We recently reported the use of atomic layer deposition (ALD)
to conformally coat silver NPs with a protective layer of TiO2.

17

We found that 300 cycles (7.7 nm) of anatase TiO2 were required
to protect the particles from the corrosive I-/I3

- solution. Separately,
we have recently shown that amorphous TiO2 affords efficient
electron transport in DSSCs, provided that the layer of TiO2 between
the dye and the charge collector is sufficiently thin.18 Based on
this result, the thickness of amorphous TiO2 required to protect

silver NPs was investigated. Experiments analogous to those in the
previous study17 indicate that as little as 2.0 nm of amorphous TiO2

are adequate to form a pinhole free layer on silver NPs.

As the distance between a dye molecule and a plasmonic particle
increases, the plasmon-enhanced extinction of the dye decreases
due to the decaying electromagnetic field. In the context of DSSCs,
the plasmon-enhanced photocurrent should accordingly diminish
as the spacer layer between the dye and the silver NPs increases.
This theoretical distance dependence of plasmon-enhanced photo-
current in DSSCs is the basis of the study reported herein. ALD
was employed to coat flat photoanodes conformally with 2.0-4.9
nm of amorphous TiO2 or 6.5-8.0 nm of anatase TiO2. The anatase
form was obtained by annealing the amorphous as-deposited oxide
at 450 °C for 30 min.17 For every TiO2 thickness investigated, three
electrodes (one with only dye, one with only silver, and one with
both dye and silver) were fabricated, and spectral properties of the
anodes were recorded before cell assembly. Silver particles were
spherical with a diameter ) 36 ( 3 nm. The configuration of cells
containing both dye and silver is shown in Figure 1. A thorough
description of the experimental methods used is given in the
Supporting Information (SI).

The optical properties of the photoanodes are summarized in
Figure 2. Figure 2a illustrates the extinction of the plasmonic
substrates before the dye is attached. As expected, the plasmon
extinction intensifies and red-shifts as the thickness of amorphous
TiO2 increases. The extinction of the sample coated with 6.5 nm
of anatase TiO2 is slightly red-shifted and higher in intensity than
the analogous amorphous sample. The spectra of the remaining
anatase samples are omitted for clarity. However, the plasmon shift
is saturated after deposition of ca. 6.5 nm of anatase. The extinction
spectrum of N3 absorbed onto a silver-free substrate is included
for comparison. The spectral overlap between the dye and the
plasmon is evident, particularly for the sample featuring a 2.0 nm
layer of amorphous TiO2.

The extinction spectra of the anodes before and after dye
attachment were subtracted to approximate the extinction of the
dye. The difference spectrum for the dye on a bare substrate is
included at the bottom of Figure 2a. Dye loading (and therefore,

Figure 1. Configuration of solar cells containing silver NPs and dye.
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extinction) was consistently less on the anatase substrates than on
amorphous TiO2. Difference spectra for dye attached to the silver-
containing substrates are shown in Figure 2b. As the thickness of
the TiO2 increases, the extinction of the dye decreases and red-
shifts. This drastic reduction in the plasmon-enhanced extinction
of the dye is the product of two distinct effects. First, as the plasmon
red-shifts, the spectral overlap between the plasmon and the dye
diminishes (Figure 2a). Second, as the TiO2 layer increases in
thickness, the electromagnetic field at the dye is decreased. These
effects conspire to give less plasmon-enhanced dye extinction with
thicker TiO2 layers.

A photograph of the anodes with 2.0 nm of amorphous TiO2 is
shown in Figure 2c. The sample with only a monolayer of N3 dye
is nearly colorless, and the sample with only silver NPs on the
substrate is pale yellow. However, the sample with the both silver
NPs and dye exhibits a deep red color that is consistent with the
color of N3 dye in solution. The difference spectrum for this sample
is given by the solid red line in the top of Figure 2b. The peaks of
this trace overlap well with the peaks of the spectrum of N3 on a
silver-free electrode.

After optical measurements were recorded, cells were assembled.
Solar cell data are presented in Figure 3. A full list of the data
obtained can be found in Table S2 (SI). The incident photon
conversion efficiencies (IPCEs) of the samples with 125 cycles (2.0
nm) of amorphous TiO2 are shown in Figure 3a. The sample with
only silver produced no appreciable current. The sample with only
dye showed a peak IPCE of ∼0.2%. The shape of this curve
corresponds to the extinction of the N3 dye. The cell with both
silver NPs and dye had a peak IPCE value of ∼1.4%. This is clearly
larger than the sum of the IPCEs from the two reference cells. Open-
circuit photovoltages (VOC) of up to 800 mV were recorded for

Ag/TiO2/N3 cells (see SI). For comparison, champion DSSCs (N3
or N719 dye) feature VOC values of 846 ( 20 mV.4

Figure 3b shows the evolution of the IPCEs of the cells with
dye and Ag as the TiO2 thickness increases. There is a subtle red
shift, and the IPCE decreases as the TiO2 layer is made thicker.
For anatase versus amorphous oxide samples of the same thickness,
the former show lower IPCEs, a consequence of the aforementioned
differences in dye loading. The trends observed in Figure 3b for
IPCE values correlate well with those seen in the extinction
difference spectra of the same samples (Figure 2b).

Cell efficiencies are presented in Figure 3c. Cells with only silver
had efficiencies of essentially zero. Samples with only a monolayer
of dye showed overall energy conversion efficiencies of less than
0.01%. Cells with silver NPs and dye were considerably more
efficient than either of the reference cells. The best cell (2.0 nm of
amorphous TiO2) had an efficiency of ca. 0.05%. However, as the
TiO2 thickness increased, the efficiencies of the cells with both silver
and dye were reduced. Notably, amorphous cells have efficiencies
that are better than or equal to the efficiencies of anatase cells for
similar TiO2 thicknesses. This further confirms that, for very thin
TiO2 layers, the transport properties of amorphous TiO2 are
sufficient for DSSCs.

A plasmon-enhanced photocurrent factor was calculated using
eq 1, where Jsc is the short-circuit current for each type of cell.
The factor 1.4 in the denominator accounts for the difference in
surface area, and thus dye coverage, between substrates with and
without silver NPs attached. The denominator factor was calculated
by using comparative dye-loading data obtained from quartz crystal
microbalance (QCM) measurements (Figure S2, SI) and cor-
roborated by AFM-based measurements of surface areas. As shown
in Figure 3d, the plasmon-derived photocurrent enhancement clearly
increases as the thickness of the TiO2 decreases. The trend is
attributed to stronger electromagnetic fields and better spectral
overlap between the dye and the silver with thinner TiO2 spacer
layers. For the thinnest TiO2 layer (125 cycles, 2.0 nm amorphous),
the observed photocurrent is almost 6 times that of the plasmon-
particle-free cell. At 560 nm, the monochromatic photocurrent
enhancement is a factor of 9. The magnitude of the plasmon-
enhancement of the photocurrent is striking, particularly considering

Figure 2. Optical properties of the photoanodes. (a) Evolution of the
plasmon extinction as the thickness of the amorphous TiO2 increases from
125 to 300 cycles (2.0 to 4.8 nm). The dot-dash blue line corresponds to
300 cycles of anatase TiO2, and the black line corresponds to N3 on FTO.
(b) Difference spectra of dye on silver NP substrates. The arrows indicate
increasing TiO2 thickness. The top four spectra and the bottom four spectra
correspond to amorphous and anatase TiO2, respectively. (c) Photo of anodes
with 125 cycles of amorphous TiO2.

Figure 3. IPCEs and overall cell trends. (a) IPCEs for cells with 125 cycles
of amorphous TiO2. (b) IPCEs for cells with silver NPs and dye. The arrow
indicates increasing TiO2 thickness. The top four spectra and the bottom
four spectra correspond to amorphous and anatase TiO2, respectively. (c)
Efficiencies of the cells. Dark blue, orange, and green symbols correspond
to anatase samples. Light blue, red, and yellow symbols correspond to
amorphous samples. (d) Calculated plasmon-enhancement factor as a
function of TiO2 thickness.
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that the system is not yet optimized, with respect to either dye or
plasmonic particle structure.

In 1996, Gratzel et al. calculated a maximum achievable IPCE
of 0.27% at 530 nm for a flat anatase TiO2 surface covered with
N3 dye.19 The cells in this study with only dye have IPCEs at 530
nm of 0.09-0.11% on anatase substrates and 0.13-0.16% on the
amorphous substrates. In contrast, the cell with silver NPs and dye
and the thinnest layer amorphous TiO2 (125 cycles, 2.0 nm) had
an astounding IPCE of 1.34% at 530 nm. This value decreases with
increasing TiO2 thickness until it reaches a value of 0.34% with
450 cycles (8.0 nm) of anatase TiO2. Even this value is almost 1.3
times as large as the calculated maximum achievable IPCE. The
largest observed IPCE of 1.34% is almost 5 times the maximum
predicted IPCE under standard cell operating conditions. Although
the silver NPs impart some increase in surface area over the flat
substrates (1.4-fold), this alone is not enough to account for the
larger-than-predicted IPCE values. Any accounting for the mag-
nitude of the observed IPCE values must include plasmon-enhanced
absorption by the dye.

As was previously alluded to, there is room for improvement in
the present system, and much larger values of plasmon-enhanced
photocurrent are theoretically achievable. For example, a further
decrease in the spacing between the silver NPs and the dye would
give still larger plasmon-enhanced photocurrents than observed thus
far. To explore this possibility, a sample with 10 cycles (1.1 nm)
of Al2O3 between the particles and the dye was fabricated. Al2O3

was chosen as the spacer material in this sample, because, relative
to TiO2, less Al2O3 is required to form a pinhole free layer. Figure
4 compares the difference spectra of this sample to the most efficient
cell in this study (125 cycles, 2.0 nm amorphous TiO2). The dashed
line corresponds to the sample with 125 cycles of amorphous TiO2,
which gave a plasmon-enhanced photocurrent factor of ∼5.9. The
solid line corresponds to the sample with 10 cycles (1.1 nm) of
Al2O3 between the silver NPs and the N3 dye. Clearly, much larger
plasmon enhancements of photocurrent should be attainable if
thinner, pinhole-free TiO2 coatings can be developed. At present,
however, thinner layers offer insufficient protection of the silver
particles from electrolyte-based corrosion.

In summary, we have examined the distance dependence of the
plasmon-enhanced properties in DSSCs. The plasmon-enhanced

extinction of the dye is most pronounced in the sample with the
thinnest layer of amorphous TiO2 (2.0 nm). The extinction of the
dye red-shifts and decreases as the TiO2 thickness increases. This
trend in extinction is echoed by the observed photocurrent trends
in the solar cells. The photocurrent of the cells containing both
silver NPs and dye decreases as the spacer layer increases in
thickness. This is ascribed to two complementary factors. First, as
the TiO2 thickness increases, the dye experiences a less intense
electromagnetic field from the plasmon. A more subtle effect,
however, is that the spectral overlap between the dye and the
plasmon is decreased as the TiO2 layer increases in thickness.
Preliminary observations of plasmon-enhanced dye extinction with
an ultrathin spacer layer (10 cycles, 1.1 nm Al2O3) suggest that
larger gains in plasmon-enhanced photocurrent are possible.
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Figure 4. Approximate extinction of N3 dye on substrates with 10 cycles
of Al2O3 (solid) and 125 cycles of amorphous TiO2 (dashed) between silver
NPs and the dye.
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