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ye-sensitized solar cells (DSSCs),
D consisting of a mesoporous TiO, film
covered by a monolayer of charge-
transfer dye molecules, have attracted great
attention for high power conversion effi-
ciency (PCE) up to 11% and the low cost of
materials and fabrication processes.' > To
improve the PCE of DSSCs, conventional
approaches include enhancing absorption
of incident light>* and improving collection
of photogenerated carriers.®” By changing
the thickness or morphology (e.g., vertically
aligned Zn0O® or TiO,” nanowire arrays) of
the photoanode, the light absorption and
carrier collection, however, are often af-
fected in opposite ways. Effort has also been
devoted to developing new dyes® '° and
using semiconductor quantum dots.'"'?
Nevertheless, employing new dyes or quan-
tum dots could change the adsorption of the
sensitizers on TiO,, as well as their energy
band positions relative to the conduction
band of TiO, and the redox potential of the
electrolyte, affecting charge separation.
Therefore, improving light harvest or carrier
collection without affecting other factors
has been considered a more effective ap-
proach to improve device performance.'
Localized surface plasmons (LSPs) have po-
tential for improving the performance of
DSSCs for the unique capability to improve
the light absorption of dye with minimal
impact on other material properties.
Generally, there are three types of plas-
monic light-trapping geometries,' includ-
ing far-field scattering, near-field LSPs, and
surface plasmon polaritons at the metal/
semiconductor interface. Surface plasmon
arising from metal nanoparticles (NPs) has
been applied to increase the optical absorp-
tion and/or photocurrent in a wide range of
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ABSTRACT We have investigated the effects of localized surface plasmons (LSPs) on the

performance of dye-sensitized solar cells (DSSCs). The LSPs from Ag nanoparticles (NPs) increase the

absorption of the dye molecules, allowing us to decrease the thickness of photoanodes, which

improves electron collection and device performance. The plasmon-enhanced DSSCs became feasible

through incorporating core—shell Ag@Ti0, NPs into conventional Ti0, photoanodes. The thin shell

keeps the photoelectrons from recombining on the surface of metal NPs with dye and electrolyte and

improves the stability of metal NPs. With 0.6 wt % Ag@Ti0, NPs, the power conversion efficiency of

DSSCs with thin photoanodes (1.5 .em) increases from 3.1% to 4.4%. Moreover, a small amount of

Ag@Ti0, NPs (0.1 wt %) improves efficiency from 7.8% to 9.0% while decreasing photoanode

thickness by 25% for improved electron collection. In addition, plasmon-enhanced DSSCs require

62% less material to maintain the same efficiency as conventional DSSCs.

KEYWORDS: dye-sensitized solar cells - photovoltaics - silver nanoparticles - surface
plasmon - absorption enhancement - titanium dioxide - core—shell nanostructures

solar cell configurations, e.g., silicon solar
cells,”* "8 organic solar cells,”* " organic
bulk heterojunction solar cells,?? CdSe/Si
heterostructures,”® and DSSCs.2* 32 How-
ever, most of the previous work on plasmon-
enhanced DSSCs reported only improved
dye absorption or photocurrent, while the
improved device performance was not
observed.?* 8 In addition, the earlier plas-
monic geometries contained metal NPs
in direct contact with the dye and the
electrolyte,2*262%3% resulting in recombi-
nation and back reaction of photogener-
ated carriers and corrosion of metal NPs by
electrolytes. Recently core—shell Au@SiO,
NPs have been applied to achieve enhanced
PCE by preventing the recombination and
back reaction.> However, by using an in-
sulating shell, part of the photogenerated
carriers from the most absorption-enhanced
dye molecules located on the surfaces of
SiO, would be lost due to the difficulty in
the injection to SiO,.
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Here we report an approach toward plasmon-
enhanced DSSCs by incorporating Ag@TiO, nanostruc-
tures into the TiO, photoanode. Our approach is
demonstrated with the following advantages. First, a
shell covering metal NPs is utilized to prevent recom-
bination and back reaction, protecting metal NPs dur-
ing device fabrication, as well as preventing metal NPs
from corrosion by electrolytes. Second, we choose TiO,
rather than insulating components as the shell material
because the carriers can be easily transferred to sur-
rounding TiO, nanoparticles that are in contact with
the shell. Third, in order to maximize the effect of LSPs,
we use a small Ag core and a very thin shell of TiO,
(2 nm). By utilizing Ag@TiO, core—shell nanostruc-
tures, we demonstrate that the optical absorption of
dye molecules in solution and thin film is enhanced by
the strong localized electric field generated by LSPs.
By incorporating Ag@TiO, NPs, the PCE of DSSCs with
very thin photoanodes (1.5 #m) is increased from 3.1% to
4.4%. Moreover, a small amount of Ag@TiO, NPs (0.1 wt %)
improved efficiency from 7.8% to 9.0% while decreasing
the photoanode thickness by 25% for improved elec-
tron collection. In addition, 62% less material is re-
quired for plasmon-enhanced DSSCs to maintain the
same efficiency as conventional DSSCs (6.5%).

RESULTS AND DISCUSSION

The structure and mechanism for the conventional
and plasmon-enhanced DSSCs are shown in Figure 1a—d.
In the conventional DSSCs, the dyes absorb incident light
and generate electrons in excited states, which inject into
the TiO, NPs. The oxidized dye molecules are regener-
ated by electrons transferred from iodide. The regenera-
tive cycle is completed by reducing triiodide to iodide at
the Pt cathode. The electrons in TiO, diffuse to the
current collector (fluorine-doped tin oxide, FTO). In the
plasmon-enhanced DSSCs, the LSPs arising from Ag@TiO,
NPs increase dye absorption, allowing us to decrease
the thickness of photoanode. By decreasing the thick-
ness of photoanode, less material is required, and the
recombination as well as back reaction of photo-
carriers is reduced, which improves the electron
collection efficiency and thus the device performance.
The core—shell nanostructure is crucial for plasmon-
enhanced DSSCs, as shown in Figure 1ef, since the
oxide shell reduces the recombination and back reac-
tion of electrons on the surface of metal NPs by provid-
ing an energy barrier between metal and dye/
electrolyte. The oxide layer also protects metal NPs from
etching by the electrolyte.

Geometric Design and Synthesis of Core—Shell Nanostructure
of Ag@Ti0,. The induced electric field of the surface
plasmon of a metal NP strongly depends on the radial
distance, r, from the NP:*33*
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Figure 1. Structures and mechanisms of conventional DSSCs
and plasmon-enhanced DSSCs. Device structures of conven-
tional DSSCs (a) and plasmon-enhanced DSSCs (b); plamson-
enhanced DSSCs require thinner film and less material to
achieve the same PCE. lllustration of photogenerated elec-
tron collection in conventional DSSCs (c) and plasmon-
enhanced DSSCs (d); plasmon-enhanced DSSCs avoid elec-
tron recombination due to thinner photoanode layer.
Mechanisms of plasmon-enhanced DSSCs using Ag@TiO,
NPs (e) and Ag NPs (f), while using Ag@TiO, NPs, optical
absorption of dye molecules is enhanced by LSPs, elec-
trons diffuse among TiO, NPs, and iodide ions regenerate
dyes by providing electrons, and while using Ag NPs, there is
direct contact between Ag and the electrolyte and the
surface of Ag NPs serves as a recombination site for the
photogenerated electrons and triiodide ions.

where Ey and E,,; are the electric field of incident light
and the electric field outside the metal NP; &, and &gt
are the dielectric constant of the metal NP and that of
the external environment; and a is the radius of the
spherical metal NP. The surface plasmon-induced elec-
tric field decreases quickly with increasing distance
from the NP. Therefore, a thinner shell corresponds to a
stronger electric field induced by LSPs on or close to
the surface of the core—shell NP, thus more absorption
enhancement of the dye molecules surrounding the
core—shell NP (experimental evidence can be found in
Supporting Information Figures S1 and S2). In addition,
LSPs play a dominant role only when the NP size is
much smaller than the wavelength of incident light,
since larger metal NPs scatter light more. Therefore, we
utilize the core—shell nanostructure with a small metal
core and a thin oxide shell, i.e., Ag@TiO, nanostructure,
to maximize the effects of LSPs on optical absorption
of dye molecules and the performance of DSSCs.
We synthesized Ag@TiO, NPs using a two-step chemi-
cal reaction, forming Ag NPs at 120 °C and forming
TiO, shells at room temperature (see Materials and
Methods). Figure 2a shows the transmission elec-
tron microscope (TEM) image of Ag@TiO, NPs, and
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Figure 2. Synthesis and characterization of Ag@TiO, NPs. (a—c) TEM and HRTEM images of Ag@TiO, NPs. (d) Optical
absorption spectra of solutions of Ag NPs stabilized by PVP (average molecular weight 10 000), TiO, NPs, and

Ag@TiO, NPs.

Figure 2b,c show the high-resolution TEM (HRTEM)
images of an individual Ag@TiO, NP with the lattice
fringes of Ag crystalline structure and an amorphous
TiO, shell about 2 nm thick. The formation of Ag@TiO,
nanostructure was also confirmed by optical absorp-
tion spectroscopy (Figure 2d). The absorption peak
from the surface plasmon resonance shifts from
403 nm to a longer wavelength of 421 nm, due to
the higher dielectric constant surrounding the Ag
NPs of amorphous TiO, than that of polyvinylpyrroli-
done (PVP).

To investigate the stability of Ag@TiO, NPs during
device fabrication, we examined the structure of
the core—shell NPs before and after the annealing
process through X-ray diffraction (XRD). Figure 3
shows XRD patterns of Ag@TiO, NPs as-synthesized
and annealed at 500 °C. For the core—shell NPs
as-synthesized at room temperature, the diffraction
patterns from (111), (200), (220), and (311) planes of
cubic structured Ag NPs were clearly seen, while a
broad peak at 22.4° was ascribed to the X-ray scatter-
ing from the amorphous-structured TiO, shells. After
annealing, the broad amorphous peak disappeared,
while the diffraction patterns from (101), (200), (105),
and (211) planes of anatase-structured TiO, shells were
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Figure 3. XRD patterns of Ag@TiO, NPs as-synthesized
at room temperature (a) and after annealing at 500 °C
for 30 min (b). The inverted triangle symbols indicate
the XRD patterns from anatase-structured TiO,. (c, d)
The XRD patterns based on the JCPDS card for anatase TiO,
(#21-1272) and Ag (#04-0783), respectively.

observed. The crystallinity of the Ag NPs was also
improved by annealing, observed by both XRD and
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Figure 4. LSP-induced enhancement of optical absorption of dye molecules in solution and thin film. (a) Optical absorption
spectra of Ag NPs, ruthenium dye molecules, and their mixture in ethanol solution. (b) Net changes of dye absorption (AOD)
due to the presence of Ag NPs in solution. (c) Relative changes of effective extinction coefficient of dye (Ao/a) due to the
presence of Ag NPs in solution. (d) Optical absorption spectra of Ag@TiO, NPs, ruthenium dye molecules, and their mixtures
(immediately after mixing and 16 h after mixing) in ethanol solution. (e) Net changes of dye absorption (AOD) due to the
presence of Ag@TiO, NPs in solution. (f) Relative changes of effective extinction coefficient of dye (Ao/a) due to the presence
of Ag@TiO, NPs in solution. (g) Optical absorption spectra of Ag@TiO, NPs, ruthenium dye molecules, and their mixtures in
the matrix of TiO, thin film. (h) Net changes of dye absorption (AOD) due to the presence of Ag@TiO, NPs in thin film.
(i) Relative changes of effective extinction coefficient of dye (Ao/a) due to the presence of Ag@TiO, NPs in thin film. For the
calculation of AOD and Ao/oi: Ao/o. = AOD(A)/ODgye(4) = (ODgye,ag(A) — ODgye(d) — ODag(4))/ODgye(4), where ODgye(4), ODag(4),
and ODgyc ag(4) are the optical densities at wavelength / of pure dye solution, Ag NP solution, and their mixture solution with
the same concentrations of dye and Ag NPs, respectively. For the solid-state thin films, the net absorption of dye molecule is
ODgye(4) = ODgye 1i02(4) — ODria(4).

HRTEM. It is considered that the shell layer protects the
Ag cores from reacting with the environment or ag-
gregating to form larger particles during the annealing
process. In addition, the shell layer is also considered to
protect the Ag cores from corrosion by the electrolyte
during solar cell operation.

Effect of LSPs on the Optical Absorption of Dye Molecule.
The effect of LSPs from metal NPs on the absorption of
ruthenium dye is investigated in both solution and thin
film. At first, we studied the LSP effect on dye absorp-
tion in the solution of dye and Ag or Ag@TiO, NPs.
The LSP effect in solution simulates the effect in
plasmon-enhanced DSSCs, and the concentrations of
NPs and dyes can be precisely controlled. As shown in

QI ET AL.

Figure 4a—c, the absorption of dye increases with the
presence of Ag NPs in solution, and the absorption peak
position shifts from 530 nm to a shorter wavelength of
510 nm (Figure 4a). The maximum relative enhance-
ment of dye absorption occurs at 450 nm (Figure 4c),
close to the LSP resonance peak of Ag NPs around
403 nm instead of the dye absorption peak at 535 nm,
suggesting that the increase of dye absorption mainly
arises from LSPs of Ag NPs. Figure 4d—f show that the
dye absorption in solution can also be enhanced by
incorporating Ag@TiO, NPs. Moreover, this enhance-
ment of dye absorption increases with time after mixing
dye and core—shell NPs (Figure 4d), which could be the
effect of the dye molecules adsorbing on the surface of
2011
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Figure 5. Effect of LSPs on the performance of DSSCs. (a) Current density (solid lines) and PCE (dashed lines) of the plasmon-
enhanced DSSC (Ag/TiO, = 0.6 wt %, 17 = 4.4%, FF = 66%) and TiO,-only DSSC (17 = 3.1%, FF = 64%) with the same photoanode
thickness of 1.5 um; (b, c) dependence of PCE and Jsc on the concentration of Ag@TiO, NPs in a photoanode with the same
thickness of 1.5 um; (d) PCE of plasmon-enhanced DSSC and TiO,-only DSSC with photoanodes of different thickness, where
the lines are drawn to show the tendency; (e) current density (solid lines) and PCE (dashed lines) of the most efficient plasmon-
enhanced DSSC (Ag/TiO, = 0.1 wt %, 77 = 9.0%, FF = 67%, 15 um) and TiO,-only DSSC (17 = 7.8%, FF = 66%, 20 um) in this work.

the TiO, shell. While increasing the time after mixing,
the number of dye molecules adsorbed on the Ag@
TiO, NPs increases, reducing the average distance
between dye molecules and Ag cores, thus further
enhancing the dye absorption. This time-dependent
(dye-to-NP distance-dependent) behavior of absorp-
tion enhancement agrees with our intention of utiliz-
ing a thin shell to maximize the LSP effect. In addition,
the adsorption of dye on Ag@TiO, in solution is similar
to that in the thin films, where the dye molecules are
adsorbed on or near the surface of Ag@TiO, NPs. In
order to study the LSP effect on the absorption of dye
molecules in mesoporous TiO, thin films, 1 um thick
films were prepared by spin-coating TiO, NPs and TiO,
NPs blended with Ag@TiO, NPs (Ag:TiO, = 0.2 wt %)
and annealed at 500 °C (see Materials and Methods).
Compared to the dyed TiO; film, there is an increase of
absorption for the film incorporated with Ag@TiO, NPs
(Figure 4g), and the enhancement is similar to that in
the solution (Figure 4i). It also agrees with the pre-
viously reported observations on plasmon-enhanced
dye absorption.?*?>27-#832 The increase of absorption
of dye molecules could be attributed to the interaction

QI ET AL.

of dye molecular dipole and enhanced electric field
surrounding the NPs, together with the increase of
light scattering also induced by LSPs, which increased
the optical path.

Effect of LSPs on the Performance of DSSCs. To investigate
the effect of LSPs on device performance, we com-
pared the performance of plasmon-enhanced DSSCs
and standard DSSCs with only TiO, NPs as photoa-
nodes. The TiO,-only DSSCs were fabricated using
the conventional method,”® while the Ag@TiO, NPs
(0.02 to 1.2 wt %) were incorporated into TiO, paste to
fabricate the plasmon-enhanced DSSCs (see Materials
and Methods). Figure 5a shows the photocurrent
density—voltage characteristics (J—V curves) of the
most efficient plasmon-enhanced DSSC and TiO,-only
DSSC with the same photoanode thickness of 1.5 um.
The TiO,-only DSSC showed a PCE (1) of 3.1%, whereas the
plasmon-enhanced DSSC with Ag@TiO, NPs exhibited a
PCE of 4.4% (increased by 42%). Compared with the
TiO,-only DSSC, the fill factor (FF) and open-circuit
voltage (Voc) of the plasmon-enhanced DSSC were
close, while the short-circuit current density (Jso) sig-
nificantly increased by 37%, from 6.07 mA/cm? to
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8.31 mA/cm?. Since ) = JscVocFF/Py, where Pq is the
intensity of incident light, the improvement of PCE in
the plasmon-enhanced DSSC is mainly due to the
increased photocurrent corresponding to enhanced
dye absorption by LSPs. We further investigated the
effect of the concentration of Ag@TiO, on the device
performance. Figure 5b,c show the averaged PCE and
Jsc changing with concentration of Ag@TiO, NPs.
When the concentration of Ag/TiO, increased from 0
to 0.6 wt %, both Jsc and PCE monotonically increased.
The decrease of PCE was observed with further increas-
ing Ag@TiO, concentration, which was probably due
to the increased trapping of photogenerated electrons
by Ag and increased light absorption of Ag NPs, which
transformed part of the incident solar power into heat.
Therefore, through enhancing the light absorption and
photocurrent, the device performance of DSSCs has
been improved by LSPs from Ag@TiO, NPs. To our
knowledge, a PCE of 4.4% is the best performance for
DSSCs with photoanodes of similar thicknesses.

For practical DSSCs, thicker photoanodes are re-
quired to absorb more light. By using LSPs, the thick-
ness of the photoanodes can be reduced while
maintaining the optical absorption of the DSSC. As
shown in Figure 5d, the PCE of DSSCs increases with
the thickness for both conventional and plasmon-
enhanced DSSCs, but it increases faster with the pre-
sence of Ag@TiO, NPs in the photoanode. For devices
with the same thickness, the PCE of the plasmon-
enhanced DSSC is higher than that of the TiO,-only
DSSC. In addition, to achieve the same PCE, the photo-
anode thickness of the plasmon-enhanced DSSC is much
thinner than that of the TiO,-only DSSC. For instance, it is
observed that the plasmon-enhanced DSSC with a 5 um
thick photoanode and the TiO,-only DSSC with a 13 um
thick photoanode possess the same PCE of 6.5%,
reducing by 62% the material used for device fabri-
cation without affecting the device performance.

Electron collection is also an important factor to be
considered in addition to light harvesting, since light
absorption in practical devices is near unity with thick-
er photoanodes. Although the optical absorption is
increased by thicker photoanodes, the carrier collec-
tion efficiency is decreased due to longer distance for
electron diffusion. In contrast, a thinner photoanode
with the same optical absorption, enabled by LSPs, is
expected to be advantageous to the electron collec-
tion as well as the device performance. As shown in
Figure 5e, the plasmon-enhanced DSSC achieved the
highest PCE of 9.0% with a 15 um thick photoanode,
compared to the TiO,-only DSSC, reaching the highest
PCE of 7.8% with a 20 um thick photoanode. Therefore,
by introducing Ag@TiO, NPs into the TiO, photoanode,
the PCE of the DSSC was improved by 15% while the
photoanode thickness was decreased by 25%. Consid-
ering the near-unity optical absorption for the photo-
anodes of both plasmon-enhanced and TiO,-only

QI ET AL.
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Figure 6. Spectral responses of TiO,-only and plasmon-
enhanced DSSCs. (a) IPCE spectra of the DSSCs with and
without the presence of Ag@TiO; (b) the relative change of
the IPCE caused by the incorporation of Ag@TiO, NPs.
AIPCE/IPCE(A) = (IPCEpIasmon-enhanced(/‘{) - IPCETiOZ-onIy(/U)/
IPCETiOZ-onIy(l)I where IPCEpIasmon-enhanceduf) and IPCETiOZ-onIy'
(4) are the ICPE at wavelength A for plasmon-enhanced
DSSC and TiO,-only DSSC, respectively.

DSSCs, the improved PCE mostly arises from increased
electron collection efficiency by decreased distance
for electron diffusion. In addition, the uniform plasmo-
nic geometry employed enhances the absorption
throughout the photoanode, whereas the metal NPs
from previous works were located either on the current
collector?*>~28 or on the counter electrode,?® where the
LSP affected only the thin layer close to the metal NPs.

To investigate the effect of LSPs on the spectral
response of solar cells, the incident photon-to-current
efficiency (IPCE) measurement was performed (Figure 6).
The IPCE is the product of the light-harvesting efficiency,
electron injection efficiency, and electron collection effi-
ciency. Increasing light absorption will directly improve
light harvesting and the IPCE, if electron injection and
collection are not affected. As shown in Figure 63, the
shape of the IPCE spectrum from the TiO,-only device
closely matches the shape of optical absorption of the
dye molecules in the thin film, while the IPCE spectrum
from the plasmon-enhanced device increases over the
whole wavelength range. Moreover, the enhancement is
most significant in the range 400—500 nm with a peak
around 460 nm (Figure 6b). The similarity between IPCE
enhancement of the DSSC and the absorption enhance-
ment of the thin film indicates that the LSPs from core—
shell NPs improved the device performance through
increased dye absorption.

CONCLUSION

We developed a general approach to utilizing LSPs
to improve the performance of DSSCs. We demonstrated
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that the enhanced localized electromagnetic field in-
creased the optical absorption of dye molecules in solu-
tion and in thin films. By incorporating small Ag NPs
coated with a thin TiO, shell into the TiO, photoanodes as
thin as 1.5 um, we achieved a PCE of 4.4%, and the best
plasmon-enhanced DSSC in our work had a PCE of 9.0%
with reduced photoanode thickness for better electron
collection. Our method has the advantages of preventing
charge recombination at the surface of metal NPs, im-
proving thermal and chemical stability of metal cores,
and uniformly enhancing optical absorption throughout
the photoanode. In addition, the fabrication method for
plasmon-enhanced DSSCs is compatible with large-
scale processes, such as printing and jet-spraying.

We believe that the implications of our work will
guide the research in utilizing LSPs to improve practical

MATERIALS AND METHODS

Materials. Titanium isopropoxide (TPO, 97%) and poly-
vinylpyrrolidone with an average molecular weight of 10 000
(PVP-10) were purchased from Sigma-Aldrich; ethanol (99.5%),
acetone (99.5%), nitric acid (70%), and ethylene glycol (99.9%)
were purchased from Mallinckrodt Chemicals; ammonia (28—
30 wt % NHs in water) was purchase from VWR International Inc.
Poly(acrylic acid) (PAA, average molecular weight 90 000, 25%
aqueous solution) was obtained from Polysciences, Inc. cis-
Bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium-
(I (also named N3 or Ruthenizer 535, purchased from Solaronix)
was used as a 0.5 mM solution in acetonitrile and tert-butanol
(volume ratio = 1:1). All chemicals were used as received. All water
was deionized (18.2 MQ, milli-Q pore).

Synthesis of NPs. The 20 nm sized TiO, nanocrystals were
synthesized using the procedure in the literature.” Small Ag NPs
with a diameter of 20—30 nm were synthesized by a modified
polyol process: typically, 0.1 mmol of silver nitrate was added
into 25 mL of ethylene glycol solution containing 0.5 g of PVP-
10, and the mixture was kept stirring at room temperature until
the silver nitrate was completely dissolved. Then the solution
was slowly heated up to 120 °C and kept at that temperature for
1 h with constant stirring. After the reaction, the NPs were
separated from ethylene glycol by addition of acetone (200 mL
of acetone per 25 mL of reaction mixture) and subsequent
centrifugation at 3000 rpm. The supernatant was removed, and
the NPs were washed with ethanol, centrifuged at 3000 rpm,
and redispersed in 18 mL of ethanol and 2 mL of 4% ammonia in
ethanol (achieved by diluting the 28% ammonia seven times in
ethanol). This solution was stirred and sonicated more than
30 min and divided equally into two parts, which were directly
used for coating the TiO, shell by adding TPO solution in
ethanol while stirring the solution vigorously. Typically, 6 uL
of TPO in 1 mL of ethanol was added into the solution, yielding a
shell of TiO, around 2 nm thick. The reaction mixture was then
stirred for 12 h at room temperature in the dark. The Ag NPs in
ethylene glycol (as synthesized) or in ethanol (purified) both can
be used for synthesis of Ag@TiO, NPs with thicker TiO; shells. A
solution of PAA was prepared by adding 2 g of PAA (25%
aqueous solution) into a mixed solvent of 1 mL of water and
8 mL of ethanol and stirring at room temperature for over 1 h.
Then 0.2 mL of PAA solution was added into 12.5 mL of the as-
synthesized Ag NPs in ethylene glycol (containing 0.05 mmol of
Ag) or into 10 mL of Ag NPs in ethanol (containing less than
0.05 mmol of Ag due to the loss during purification), and the
solution was kept stirring for over 4 h and sonicated for 30 min
at room temperature. Then 1 mL of ethanol solution containing
20 uL of TPO was added into the Ag NP solution, and the
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DSSC performance, by reducing the photoanode
thickness while retaining the near-unity absorption,
thus improving electron collection and PCE. More-
over, molecular dyes possessing improved charge
separation and better stability against water and
oxygen in the environment could be employed in
DSSCs without the requirement of high light extinc-
tion due to enhanced dye absorption by LSPs. Our
approach also enables the utilization of LSPs in many
other thin-film photovoltaic technologies that re-
quire efficient light harvesting and decreased re-
combination and back reaction, such as quantum
dot-sensitized solar cells, organic solar cells, and
quantum dot/organic hybrid solar cells, and other
types of photoelectron conversion devices, such as
photodetectors.

reaction was kept stirring in the dark. The TEM images of
Ag@TiO, NPs after reacting with TPO for 2 h are shown in
Figure S1 (Supporting Information).

Characterization of NPs. TEM observations of synthesized nano-
structures (TiO,, Ag, and Ag@TiO,) were performed using
JEOL 200CX, JEOL 2011, and JEOL 2010F TEMs with an accel-
erating voltage of 200 kV. The optical absorption spectroscopy
measurements were performed using a Beckman Coulter
DU800 UV—vis spectrophotometer. One micrometer thick films
of TiO, NPs or TiO, NPs incorporated with Ag@TiO, NPs on 2.5 x
2.5 cm? fused silica wafers were used for thin-film optical
absorption measurements, which were prepared by spin
coating (Specialty Coating Systems, 6800 spin coater) and
followed by annealing treatment at 500 °C for 15 min. Then
the film thickness was measured using a Dektak 150 surface
profiler. These films were immersed into 0.1 mM ruthenium
dye solution (volume ratio of acetonitrile to tert-butanol is
1:1) and kept at room temperature for 12 h. Then the dyed
films were immersed in acetonitrile for 5 min to remove
nonadsorbed dye.

Fabrication of DSSCs. The fabrication of the 1.5 um thick
photoanodes of both TiO,-only DSSCs and plasmon-enhanced
DSSCs was performed by spin coating, the same method used
for preparing thin films for optical absorption measurement. For
TiO,-only DSSCs with a photoanode thickness larger than
1.5 um, the fabrication was carried out using the procedure
described previously.* The photoanodes incorporated with
Ag@TiO, NPs were fabricated with a modified procedure. The
different amounts of Ag@TiO, NPs in ethanol solution (Ag to
TiO, ratio from 0.02 to 1.2 wt %) were mixed with TiO, paste
(mixture of TiO, NPs, ethyl celluloses, and terpinol), followed
by stirring and sonicating. Then ethanol was removed by
a rotary-evaporator. After the paste incorporated with Ag@TiO,
NPs was achieved, the fabrication procedure of the photo-
anodes of plasmon-enhanced DSSCs was the same as that
of the TiO,-only DSSCs. The photoanodes of TiO,-only and
those incorporated with Ag@TiO, were immersed into N3 dye
solution and kept at room temperature for 24 h. Then dyed
films were immersed in acetonitrile for 5 min to remove
nonadsorbed dye.

Characterization of DSSCs. Photovoltaic measurements were
performed under illumination generated by an AM 1.5 solar
simulator (Photo Emission Tech.). The power of the simulated
light was calibrated to 100 mW/cm? by using a reference Si
photodiode with a powermeter (1835-C, Newport) and a re-
ference Si solar cell in order to reduce the mismatch between
the simulated light and AM 1.5. The J—V curves were obtained
by applying an external bias to the cell and measuring the
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generated photocurrent with a Keithley model 2400 digital
source meter. The voltage step and delay time of the photo-
current were 10 mV and 40 ms, respectively. A black tape
mask was attached to the device in order to prevent irradia-
tions from scattered light. The IPCE spectra were obtained
using a computer-controlled system (Mode QEX7, PV Mea-
surements Inc.) consisting of a 150 W xenon lamp light
source and a monochromator equipped with two 1200 g/mm
diffraction gratings. The incident photon flux was deter-
mined using a calibrated silicon photodiode. Measurements
were performed in a short-circuit condition, while the cell
was under background illumination from a bias light of
50 mW/cm?.
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