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Te evaluate the effect of the surface plasmon resonance of Ag nanoparticles on dye-sensitized solar
cells, we measured the phetocurrent of electrochemical cells using dense dye-adsorbed TiO, thin films
with and without Ag naneparticles at different adsorbed-dye concentrations. At lower dye concentra-
tions, the photecurrent of the cells with Ag was found to be enhanced by the effect of the surface plasmon
resonance compared to that of the cells without Ag. On the other hand, the photecurrent of the cells with
4g decreased at higher dye concentrations, which was caused by increased trap levels and band-edge

fluctuations with Ag incorporation. It is revealed that the control of the structure and guantity of Ag
particles is important to apply the surface plasmon resonance effect to dye-sensitized solar cells.

Introduction

Dye-sensitized solar cells (O’Regan and Grétzel,
1991) have recently attracted much attention because
of their comparably high conversion efficiency and low
cost. However, it is still required to enhance the effi-
ciency of the cells for application. The photocurrent
of the dye-sensitized solar cells originates from the
optical absorption of dyes adsorbed on TiO, electrodes.
Therefore, the conversion efficiency depends on the
optical absorption spectrum of dye that is the highest
at the absorption peak of about 550 nm for a Ru-
complex dye and decreases at longer wavelengths,
which corresponds to the smaller absorption coefficient
(Nazeeruddin et al., 1993). In order to enhance the
optical absorption of dyes at longer wavelength, we
utilized the surface plasmon resonance of silver parti-
cles, which has been proved to enhance Raman scat-
tering (Jeanmaire and Van Duyne, 1977; Albrecht and
Creighton, 1977), optical absorption (Craighead and
Glass, 1981; Eagan, 1981), and photoluminescence
(Glass et al., 1980; Ishikawa and Okubo, 2003) of
dyes. In our previous paper (Ihara et al., 1997), the
optical absorption of Ru(4,4’-dicarboxy-2,2"-
bipyridine),(NCS), (Ru-dye) increased remarkably
near Ag nanoparticles. In the continued work, we ex-
amined the photoresponse of photochemical cells us-
ing dense Ru-dye-adsorbed TiO, films as the anodes
with and without evaporated Ag nanoparticles, and
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clarified that the photocurrent originated from the car-
riers of Ru-dye was enhanced with Ag nanoparticles
(Wen et al., 2000). We also showed a decrease of the
photocurrent in the visible region by increasing the
mass-equivalent Ag film thickness.

In this paper, we examine the effects of the sur-
face plasmon resonance of Ag on the photocurrent by
changing the quantity of adsorbed dye in the same con-
dition of Ag deposition.

1. Experimental

The electrochemical cell is prepared in the same
manner as described previously (Wen et al., 2000). The
anode electrode is composed of a dense Ru-dye
adsorbed TiO, thin film and transparent conducting-
Sn0O, glass. The dense TiO, film is used as the anode,
because structural changes of the porous TiO, induced
by Ag nanoparticles can be eliminated to clarify the
surface plasmon resonance effect of Ag, and Ag
nanoparticles can be easily formed on the TiO, by ther-
mal evaporation. The cathode is Pt-sputtered transpar-
ent conducting-SnO, glass. The electrochemical cell
without Ag is prepared by sandwiching the redox so-
lution containing Co(l,10-phenanthoroline),**)
(Co(phen),*") and Co(1,10-phenanthoroline),*)
(Co(phen),**) between both electrodes. After photoelec-
tric measurements, the cell without Ag is decomposed
and the electrodes are quickly rinsed with acetonitrile.
Then, Ag nanoparticles are deposited by thermal evapo-
ration on the dried anode. The cell with Ag was pre-
pared with the redox solution, and measured the pho-
toelectric properties. The schematic view of the cell is
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Fig.1 Schematic view of a dye-sensitized cell with Ag
nanoparticles

shown in Figure 1.

The Co(phen)32’*/(Co(phen)33+ solution is prepared
by dissolving 0.3 mol/dm? of Co(phen)3(CFBSO3)2 and
0.04 mol/dm? of Co(phen)(CF3SO3)3 in a mixture of
propylene carbonate and ethylene carbonate. The dense
TiO, films are deposited by laser ablation with a thick-
ness of about 1 mm on transparent, conducting—SnOz—
glass films and annealed in the air at 500°C for three
days. Dye-sensitized films are prepared by dipping the
films into a Ru-dye solution after annealing. The
photocurrent of the cells with and without Ag is mea-
sured under illumination of an AM1.5 light with a UV
cut filter (under 400 nm). The action spectra of the cells
with and without Ag are obtained under excitation by
a monochromatic light. We also measure the action
spectra of the cells with and without Ag using a mono-
chromatic light with UV light excitation by a mercury
lamp that has strong spectral lines at 365.0, 404.7 and
546.1 nm. The action spectra with UV light excitation
is calculated from the photocurrent with a monochro-
matic light and UV light by subtractin g the background
photocurrent with the UV light.

In this study, the quantity of adsorbed Ru-dye is
changed by altering the dipping time in its solution.
The structure of Ag nanoparticles on dye-adsorbed TiO,
films is observed by FE-SEM at different concentra-
tions of adsorbed dye.

2. Results

Figure 2 shows typical action spectra of photo-
chemical cells using a dye-sensitized TiO, film with
and without Ag nanoparticles. Higher efficiency peak-
ing at 380 nm is attributed to the photocurrent gener-
ated from TiO,, because the peak can also be observed
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for a cell composed of a TiO, electrode without being
dipped in a dye solution. The photocurrent due to the
Ru-dye is observed in visible region and the incident
photon-to-current conversion efficiency (IPCE) is in
the order of 0.1%.

In Figure 3, J Ag-dyedye denote the photocurrent den-
sity of cells with and without Ag, respectively, calcu-
lated from the measured efficiency with Eq. (1) based
on the solar spectrum of AM1.5 in the spectral range

of 550-800 nm.

7= ("2 0 p(R)-g(A)d A (1)

550 ho

In Eq. (1), A, P(4) and ¢(A) correspond to the wave-
length, the solar spectrum of AM1.5 and the conver-
sion efficiency of the cell, respectively. Since the
photocurrent generated in the TiO, film is in the range
of 300-550 nm, the calculated dee is attributed only to
the photoresponse of Ru-dye, and J pgdye 1O that of
Ag-assisted Ru-dye. The value of Siye is considered to
be proportional to the quantity of adsorbed Ru-dye on
the TiO, thin films, because the increase of the density
of adsorbed dye should result in the increase of
photocurrent density.
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SEM images of Ag nanoparticles deposited on dye-
adsorbed TiO, films at different Ru-dye concentra-
tions. The values of J ave of cells fabricated from each
film are (a) 0.53 (b) 2.7 (¢) 3.7 LA/cm?, respec-
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tized cells with and without Ag using action spec-
tra with the UV light

In Figure 4, FE-SEM pictures of evaporated Ag
particles on dye-adsorbed TiO, at different Ru-dye
concentrations are shown. The value of J oy calculated
for each film is (a) 0.53, (b) 2.7 and (¢) 3.7 UA/cm?,
respectively.

ag-dgeqye 1N Figure 5 show the calculated
photocurrent density with and without Ag, respectively,
using the measured action spectra under the excitation
of UV light.
Figure 6 shows the photocurrent density of cells
with and without Ag measured under illumination by
an AM1.5 light with a UV cut filter (under 400 nm).
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Fig. 6 Measured photocurrent density of Ru-dye-sensi-
tized cells with and without Ag under illumination
by the AM1.5 light equipped with a UV cut filter
(under 400 nm)
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Fig.7 Equivalent circuit of solar cells with a serial resist-
ance

3. Discussion

Generally, the short-circuit photocurrent density
J. of solar cells with serial resistance (Figure 7) is
written as

Jsc =JL~Jo GXP(QBSJ—SC—SJ—l )
nkT

where J, is the constant current density, J; is the dark
current density, ¢ is the electronic charge, Rj is the
serial resistance, and § is the surface area of the cell.

Jy and J in our cells can be written as below.
ye Ag-dye

qRsJ 4
Jage = T aye = Jo,dyei:exp(—;;fyi” -1 (3

qRsJ pg-ayeS
]Ag—dye = ‘]L,Ag-dye - JO,Ag‘dye {exp(—_;lf]_—v-zi_ -1

(4)
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In the case of our cells, JL’dye is a function of the dye
concentration. When the photocurrent of cells with Ag
'is enhanced by the surface plasmon resonance, JL’Ag_dye
in Eq. (4) is enhanced compared to JL,dye in Eq. (3).

As shown in Figure 3, the photocurrent of Ru-dye-
sensitized cells is remarkably increased in the exist-
ence of Ag nanoparticles at lower concentrations of
adsorbed Ru-dye. It is considered that the increase of
the photocurrent with Ag nanoparticles is attributed to
the increase of the optical absorption of dye, and re-
sulting in the photocurrent enhancement by the effect
of the surface plasmon resonance of Ag and/or the in-
ternal photoemission from Ag. Concerning the inter-
nal photoemission from Ag, the photocurrent attrib-
uted to it should be decreased with the increase of
adsorbed dye, because the charge transfer of the carri-
ers to TiO, generated in Ag nanoparticles should be
prevented by the increase of dye molecules between
Ag and TiO,. That is why the enhancement is attrib-
uted to the effect of the surface plasmon resonance in
this case. Figure 3 also shows that the photocurrent of
the cells with Ag is nearly proportional to that of the
cells without Ag. In Figure 4, Ag nanoparticles at dif-
ferent adsorbed-dye concentrations show almost the
same size, shape and density. Accordingly, the enhance-
ment of the local electromagnetic field near Ag should
be the same on dye-adsorbed TiO, films at different
dye concentrations and the increase of the photocurrent
per dye molecule should be constant. That is why the
rate of the increase is constant at lower dye concentra-
tions. It is considered that the second terms of the right
sides of Egs. (3) and (4) are negligible at lower dye
concentrations which corresponds to lower
photocurrent densities, and the JL,Ag-dye in Eq. (4) is en-
hanced and proportional to JL’dye in Eq. (3). Figures 5
and 6 show a similar tendency as Figure 3 at lower
Ru-dye concentrations.

The photocurrent of Ru-dye-sensitized cells de-
creases with Ag nanoparticles at higher Ru-dye con-
centrations as shown in Figure 3. While there is sur-
face plasmon resonance which increases the
photocurrent with Ag as described above, two effects
are given as the reasons for the decrease of the
photocurrent with Ag nanoparticles. One is the increase
of the density of traps on the surface that increases the
recombination rate of generated carriers, and the other
is the increase of fluctuations of the conduction band
of TiO, that retards the migration of the carriers from
the surface to the interior of TiO, (Nakato and
Tsubomura, 1985; Nakato et al., 1988). Since these
negative effects are dominant at higher dye concentra-
tions, compared with lower concentrations, the
photocurrent of Ag deposited cells decreases. It means
that the positive effects decrease or the negative ef-
fects increase at higher concentrations. As seen in
Figure 4, the structure of Ag nanoparticles is similar at
different Ru-dye concentrations, and the enhancement
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effect of the surface plasmon resonance is not varied
with the dye concentration in our cells, Therefore,
negative effects are the reasons for the decrease of
the photocurrent with Ag nanoparticles. It means
that j(“\g_dye in Eq. (4) increases compared to JO,dye in
Eq. (3), and the second term in Eq. (4) is not negligi-
ble at higher Ru-dye concentrations. This indicates that
the increased trap levels and band-edge fluctuations
dominate and cause the decrease of the photocurrent
at higher dye concentrations. Even if the optical ab-
sorption is enhanced by the surface plasmon resonance,
it would not increase the photocurrent at higher dye
concentrations. Thus, it is important to control the
structure and the quantity of Ag nanoparticles for the
application of the surface plasmon resonance effect on
dye-sensitized solar cells.

We can see a little increase of the photocurrent of
the cells with Ag nanoparticles at higher dye concen-
trations in Figure 5, which means the increase of the
photocurrent with UV light illumination. Since the UV
light was illuminated from the side of the TiO, film
electrode in our experiments, it was absorbed by the
TiO, film and the conductivity of the film was enhanced
by photons generated by the UV light. It corresponds
to the theoretical expectation that the decrease of the
photocurrent is suppressed by the decrease of the se-
rial resistance as in Eq. (4).

Among Figures 3, 5 and 6, we can observe that
the decrease of the photocurrent with Ag nanoparticles
at higher Ru-dye concentrations is largest in Figure 3,
and is smallest in Figure 5, although the data contain
some errors in the figures that may be caused by the
TiO, electrode. We can explain this tendency with the
difference of the effect of UV light illumination. The
UV light is not illuminated at all in the case of Figure
3, is illuminated a little (over 400 nm) in the case of
Figure 6, and is strongly illuminated by an Hg lamp in
the case of Figure 5. However, the negative effects due
to the increased trap levels and band-edge fluctuations
are dominant at higher dye concentrations even under
UV light excitation, because the increase of the
photocurrent of cells with Ag nanoparticles at higher
dye concentrations is much smaller than that at lower
dye concentrations in Figure 3.

Conclusions

We investigated the photocurrent of Ru-dye-
sensitized solar cells with and without Ag at different
Ru-dye concentrations. At lower Ru-dye concentra-
tions, the photocurrent with silver was enhanced dra-
matically by the effect of the surface plasmon reso-
nance of Ag nanoparticles. On the other hand, the
photocurrent with silver was decreased at higher Ru-
dye concentrations. The decrease of the photocurrent
is attributed to the increased trap levels and band-edge
fluctuations caused by Ag incorporation. These results
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_ suggest that the enhancement of the photocu-rrent can
e achieved only under the condition that the increases
 of trap levels and band-edge fluctuations are sup-
 pressed, although the surface plasmon resonance ef-
fect can enhance the optical absorption of Ru-dye.

Therefore, the structure and the quantity of Ag parti-

cles is very crucial for the application of the surface

slasmon resonance effect to dye-sensitized solar cells.

Acknowledgment )
The authors thank Professor Michel Gritzel of EPFL for

providing the redox solution. We also thank Professor Hiroshi

Takahashiof the University of Tokyo for supporting the photo-

electric measurement.

Literature Cited
Albrecht, M. G.and L. A. Creighton; “Anomalously Intense Raman

Spectra of Pyridine at a Silver Electrode,” J. Am. Chem. Soc.,

89, 5215-5217 (1977)

Craighead, H. G. and A. M. Glass; “Optical Absorption of Small

Metal Particles with Adsorbed Dye Coats,” Opt. Lett., 6, 248-

250 (1981)

Bagen, C. F.; “Nature of the Enhanced Optical Absorption of Dye-
Coated Ag Island Films,” Appl. Opt., 20, 3035-3042 (1981)

Glass, A. M., P.F. Liao, J. G. Bergman and D. H. Olson; “Interac-

tion of Metal Particles with Absorbed Dye Molecules—Absorp-

tion and Luminescence,” Opt. Letr., 5, 368-370 (1980)

thara; M., K. Tanaka, K. Sakaki, [. Honma and K. Yamada; “En-

hancement of the Absorption Coefficient of cis-(NCS),bis(2,2’-

bipyridyi-4,4’-dicarboxylate)ruthenium(ll) Dye in Dye-Sensi-

VOL. 37 NO. 5 2004

tized Solar Cells by a Silver Island Film,” J. Phys. Chem. B,
102, 51535157 (1997)

Ishikawa, K. and T. Okubo; “Spectral Narrowing of the Emission
from Rhodamine 6G Infiltrated in Synthetic Opals Enhanced
by the Surface Plasmon Resonance,” Appl. Phys. Lett., 83,
2536-2538 (2003)

Jeanmaire, D. L. and R. P. Van Duyne; “Surface Raman
Spectroelectrochemistry Part 1. Heterocyclic, Aromatic, and
Aliphatic Amines Adsorbed on the Anodized Silver Electrode,”
J. Electroanal. Chem., 84, 1-20 (1977)

Nakato, Y. and H. Tsubomura; “Structures and Functions of Thin
Metal Layers on Semiconductor Electrodes,” J. Photochem.,
29, 257266 (1985)

Nakato, Y., K. Ueda, H. Yano and H. Tsubomura; “Effect of Micro-
scopic Discontinuity of Metal Overlayers on the Photovoltages
in Metal-Coated Semiconductor-Liquid Junction
Photoelectrochemical Cells for Efficient Solar Conversion,”
J. Phys. Chem., 32, 2316-2324 (1988)

Nazeeruddin, M. K., A. Kay, . Rodicio, R. Humphry-Baker,
E. Muller, P. Liska, N. Viachopoulos and M. Gritzel; “Conver-
sion of Light to Electricity by cis-(X)Zbis(2,2’—bipyridyl—4,4'-
dicarboxylate)ruthenium(il) Charge-Transfer Sensitizers (X =
CI, Br, I, CN-, and SCN") on Nanocrystalline TiO, Elec-
trodes,” J. Am. Chem. Soc., 115, 6382-6390 (1993)

O’Regan, B. and M. Gritzel; “A Low-Cost High-Efficiency Solar
Cell Based on Dye-Sensitized Colloidal TiO, Films,” Natire,
353, 737-740 (1991)

Wen, C., K. Ishikawa, M. Kishima and K. Yamada; “Effects of Sil-
ver Particles on the Photovoltaic Properties of Dye-Sensitized
TiO, Thin Films,” Solar Energy Mater. Solar Cells, 61, 339-
351 (2000)

649



