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Abstract

Since Grätzel’s group reported an overall efficiency of 10% for dye-sensitized solar cell usingcis-di(thiocyanato)bis(2,2′-bipyridyl-
4,4′-dicarboxylate)ruthenium(II), many other institutions have tried to reproduce it. However, no other institutions have, so far, reported
such a high efficiency. In order to develop high efficiency dye-sensitized solar cells, the tuning of TiO2 photoelectrode morphology towards
optimization of solar energy conversion efficiency has been investigated. TiO2 photoelectrodes with six different structures, with layers of
nanoparticles, light-scattering particles, and mixture of nanoparticles and light-scattering particles on the conducting glass at a desirable se-
quence and thickness, were designed and investigated. The profiles of photocurrent action spectra were compared in terms of light scattering and
the suppression of light loss due to the back-scattering of large particles near the conducting glass. The data show that the multilayer structure
is superior to the mono- and double-layer structure, with∼85% of incident monochromatic photon-to-electron conversion efficiency (IPCE)
below 620 nm and∼45% of IPCE at 700 nm. The solar-to-electric energy conversion efficiency of N719 dye-sensitized solar cell has been im-
proved significantly from 7.6 to 9.8% by tuning the film structure from monolayer to multilayer. The best efficiency of 10.2% under illumination
of simulated AM1.5 solar light (100 mW cm−2) was attained with a multilayer structure using an anti-reflection film on the cell surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dye-sensitized solar cells (DSSCs)[1], which emerged
as a new generation photovoltaic device, have been stud-
ied extensively[2–6] because of their high efficiency and
low-cost. The two outstanding sensitizers for DSSC so

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.03.006
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Fig. 1. UV–Vis absorption spectrum of N719 in 1:1 acetonitrile and
tert-butanol. The inset shows the molecular structure of N719.

far reported arecis-di(thiocyanato)bis(2,2′-bipyridyl-4,4′-
dicarboxylate)rut-henium(II)[7], so called N719 (Fig. 1),
and tri(thiocyanato)-2,2′,2′′-terpyridyl-4,4′,4′′-tricarboxy-
late)ruthenium(II)[8], so called the black dye. The highest
efficiencies reported for N719 and the black dye are 10 and
10.4%, respectively[7,8], which is comparable to the con-
ventional silicon-based solar cell. In particular, N719 has
emerged as the standard dye to compare and select other
new sensitizers for DSSC[9–11], because it has not only a
high efficiency but also a high photo- and chemical-stability.

The maximum energy conversion efficiency (ηglobal) of
N719 in AM1.5 sun can be estimated from the integral pho-
tocurrent density (Jsc), the open-circuit photovoltage (Voc),
the fill factor (FF), and the power of the incident light (P,
100 mW cm−2).

ηglobal = JscVocFF

P
(1)

Jsc can be calculated by the overlap integration of global
AM1.5 solar emission spectrum and the photocurrent action
spectrum over the wavelengths where the dye absorbs.

Jsc =
∫

qF(λ)[1 − r(λ)]IPCE(λ)dλ (2)

where q is the electron charge,F(λ) the incident photon
flux density at wavelengthλ, r(λ) the incident light loss
due to the light absorption and reflection by conducting
glass, and IPCE(λ) is defined as the incident monochro-
matic photon-to-electron conversion efficiency. IPCE(λ) can
be obtained through the following expression:

IPCE(λ) = 1240× Jsc(�A cm−2)

λ (nm) × P (W m−2)
(3)

Jsc can be deduced to be∼20 mA cm−2 using 0.1 ofr(λ)
and an average IPCE value of 0.85. As a consequence, the
theoretical energy conversion efficiency of N719 is estimated
to be around 14% using aVoc of 0.9 V and FF of 0.8[12].
In addition, the 10% efficiency for N719 has not been repro-
duced by institutions other than Grätzel’s group, and the usu-
ally reported values are only around 8.4%[13,14]. For these

reasons, there have been more and more efforts on the im-
provement of N719-based DSSCs through the optimizations
of dye, TiO2 surface, and electrolytes[14–16]. Although the
high surface area of a nanocrystalline film meets the require-
ment of adsorbing large amount of dyes in the monolayer, it
brings about, at the same time, many opportunities for the re-
combination of photoinjected electrons and the oxidized dye
and/or the electron acceptors in the electrolyte. However, the
small size of the individual nanoparticles cannot support a
space charge layer, which is essential for charge separation
in bulk semiconductor[17]. It has recently been reported
that an insulated layer coating on the surface of mesoporous
film could retard the interfacial recombination process and
remarkably improve the DSSC performance due to the for-
mation of an energy barrier at the electrode and electrolyte
interface[18–20]. These improvements turned out to be re-
markable, but the final efficiencies announced were well be-
low 6% [18,19], still much lower than the already reported
efficiency of 10%[7]. From this point of view, the surface
coating by insulating layers is still unsuccessful. In order to
develop high efficiency DSSCs, optimizing information for
the photoelectrode is highly desirable, because Grätzel and
co-workers[7] did not describe the TiO2 film morphology
in detail for obtaining 10% efficiency.

There are many factors limiting the cell performance,
among which light harvesting efficiency is very important.
Since N719 has low absorption in the red region (Fig. 1),
large particles, with light-scattering effect, are incorporated
into the film to enhance the photoresponse to red light. How-
ever, the reduction of surface area and light loss due to
back-scattering arising from the presence of large particles
counteract the light-scattering effect[21–23]. This article
discusses methods to balance the light scattering and surface
area effects, which are opposed to each other. To harvest vis-
ible light efficiently, a multilayer structure was proposed in
our group. Herein, we outline the tuning of layer structures
and their effect on the performance of DSSC.

2. Experimental section

2.1. Preparation of TiO2 particles

The DSSC performance depends on the nature and size
of the TiO2 particles. TiO2 particles must be prepared with
good dispersion and high crystallinity. Since anatase is bet-
ter than rutile and brookite for solar energy conversion, the
anatase phase is favorable in the preparation of TiO2 parti-
cles, and the other two phases, rutile and brookite, should
be avoided.

Three kinds of TiO2 particles were prepared in a basic en-
vironment according to the procedure reported[24], which
was modified as follows. Titanium tetraisopropoxide (TTIP)
was added to water (Ti:H2O = 1:50) at 15◦C under vig-
orous stirring for 1 h. The white precipitate so formed was
filtered and washed three times with water. It was then trans-
ferred to a tetramethylammonium hydroxide (TMAH) solu-
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Table 1
BET surface area and average particle size of the prepared TiO2 particles

TiO2 particles Surface area (m2 g−1) dBET (nm)a

Nb 66.3 23.3
S1c 30.4 50.7
S2d 15.4 100.2

a Average diameter of TiO2 particles were calculated from the BET
surface area, assuming the particles are spherical.

b N stands for nanoparticles. The molar ratio of TTIP to TMAH was
set at 62.5:1.

c S1 stands for the 50 nm particles. The molar ratio of TTIP to TMAH
was set at 250:1.

d S2 stands for the 100 nm particles. The molar ratio of TTIP to
TMAH was set at 500:1.

tion and refluxed at 100◦C for 4 h under stirring. The con-
tent of TiO2 was set at 10 wt.%. The resultant colloids were
heated at 270◦C for 4 h in a titanium autoclave under stir-
ring. TiO2 particles with different sizes were obtained when
the molar ratio of TMAH to Ti was varied. The TMAH con-
tent has a large influence on the Brunauer–Emmett–Teller
(BET) surface area and the particle size; the results are sum-
marized inTable 1. The surface area decreased and particle
size increased with decreasing content of TMAH in the range
tested, and vice versa. The average diameters of the TiO2
particles obtained were 23, 50, and 100 nm (seeTable 1).

Fig. 2 shows the XRD patterns of nanoparticles (23 nm),
large particles (50 nm), and the larger particles (100 nm).
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Fig. 2. XRD patterns of TiO2 powders. (a) Large particles (100 nm)
obtained at Ti:TMAH= 500, where TMAH, tetramethylammonium hy-
droxide, (b) large particles (50 nm) obtained at Ti:TMAH= 250, (c)
nanoparticles (23 nm) obtained at Ti:TMAH= 62.5, and (d) nanoparticles
(14 nm) obtained from a 0.1 mol dm−3 nitric acid solution.

The XRD peaks broaden with increasing TMAH content,
indicating a decreased particle size with increasing concen-
tration of TMAH over the range investigated. All the peaks
assignable to the anatase phase were clearly observed in the
XRD patterns. The XRD peaks were intense and very well
resolved, suggesting that the TiO2 particles obtained have
high crystallinity. No peaks for other phases such as rutile
and brookite were observed, indicative of pure anatase par-
ticles.

The usually employed TiO2 nanoparticles are synthe-
sized by hydrolysis of TTIP in 0.1 M nitric acid followed
by autoclaving at 230◦C [7], and its XRD pattern is also
shown inFig. 2 for comparison. However, TiO2 nanoparti-
cles prepared in 0.1 M nitric acid contain rutile and brookite
impurities [25], which is disadvantageous to solar energy
conversion[26]. The surface area for nanoparticles prepared
in nitric acid is about 120 m2 g−1, which is almost double
that of the TiO2 nanoparticles (N) from TMAH. Further-
more, the TiO2 film fabricated from the former particles can
indeed adsorb a larger amount of dye than the film made
of the latter particles. The latter photoelectrode could, how-
ever, yield a higher efficiency. One possible reason is that
TiO2 particles prepared from TMAH contain pure anatase
crystallites and can form as an ordered structure in the film
[24]. Frank and co-workers[26] compared the performance
of dye-sensitized rutile- and anatase-based TiO2 solar cells,
and concluded that electron transport is slower in the ru-
tile layer than in the anatase layer. As a consequence, the
short-circuit photocurrent of the rutile-based cell was lower
than that of the anatase-based cell. Their results suggested
that rutile or other impurities in TiO2 photoelectrodes would
result in lower performance. In addition, the porosity of the
film and the pore dimensions, which are determined in part
by the particle size, can influence the transportation kinetics
of redox species. If the pores are too small, the diffusion ki-
netics in the electrolyte will become the limiting step in the
photocurrent generation, which, of course, has a significant
influence on the overall efficiency[25]. The three kinds of
TiO2 particles prepared from TMAH were employed for
fabrication of various photoelectrodes in this article.

2.2. Fabrication of photoelectrodes with different
morphologies

TiO2 films were fabricated using a screen printing
method. Nanoparticles, large particles, and mixtures con-
taining nanoparticles and large particles at a ratio of 6:4
were employed to prepare various TiO2 pastes for screen
printing. TiO2 particles were dispersed in�-terpineol with
ethyl cellulose as a binder. The constituents in each TiO2
paste are listed inTable 2. Paste N and S were composed of
nanoparticles (23 nm) and scattering particles (100 nm), re-
spectively. Paste M contained a mixture of nanoparticles and
large particles (100 nm) at a ratio of 6:4, and paste M′ was
made of a mixture of nanoparticles and particles of 50 nm at
a ratio of 6:4 too.Fig. 3shows the film structure, N, M, NS,
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Table 2
Composition (wt.%) of various TiO2 pastes

Type of pastes Nanoparticles (23 nm) S1 (50 nm) S2 (100 nm)

N 100
M′ 60 40
M 60 40
S 100

NM, NMS, and NM′MS, studied in this report. Structure
N and M, composed of homogeneous nanolayer and mixed
layer, respectively, are regarded as a monolayer, whereas
structure NS and NM, consisting of two different layers,
are regarded as a double layer. Structure NMS and NM′MS
contain three or more different layers and are referred to as
multilayer. Various layers were printed onto the conducting
glass (Nippon Sheet Glass Co., Japan, F-doped SnO2 layer,
8–10� �−1) sequentially using the paste listed inTable 2.
The film thickness was measured with a Tencor Alpha-Step
500 Surface Profiler. The film size was 5 mm× 5 mm,
whose geometric area was precisely measured with a Nikon
Digital Camera controlled by a computer using an objective
micrometer ruler as a reference. Because it is very difficult
to grow the film vertically, the projection of the film, mea-
sured as the film area, is a little larger than the bottom area
of the film. Therefore, the efficiency reported in this article
might be underestimated a little.

Fig. 3. Schematic film morphologies of studied TiO2 photoelectrodes.

2.3. Photovoltaic measurements

The TiO2 photoelectrodes were heated at 525◦C for
2 h under an air atmosphere. After treating the films with
0.05 M TiCl4 for 30 min at 70◦C [8], the films were cal-
cined at 450◦C for 30 min and allowed to cool to 160◦C
before immersing them into the dye solution for 4 days.
The N719 (Solaronix SA, Switzerland) solution was pre-
pared in a mixed solvent of 1:1 acetonitrile andtert-butanol.
The concentration was 2× 10−4 mol dm−3. In order to
determine the surface concentration of N719 in the photo-
electrode, the dye was desorbed into 0.1 mol dm−3 NaOH
solution in a mixed solvent (water/ethanol= 1:1, v/v), and
the UV–Vis absorption spectrum of the resultant solution,
whose molar extinction coefficient was determined to be
1.41 × 104 dm3 mol−1 cm−1 at 515 nm, was measured to
estimate the adsorbed amount of dye.

The sandwich-type solar cell was assembled by plac-
ing a platinum-coated conducting glass (counter electrode)
on the N719 dye-sensitized photoelectrode (working elec-
trode), and clipped together as open cells for measurements.
On the other hand, sealed cells were also tested in this
study. The two electrodes were separated by a surlyn spacer
(30�m thick) and sealed up by heating the polymer frame
[13]. The redox electrolyte was introduced into the space
of inter-electrodes through the two holes pre-drilled on the
back of the counter electrode. The two holes were sealed up
using a surlyn film, on which a glass slide was pressed un-
der heat. The redox electrolyte used was 0.1 M LiI, 0.05 M
I2, 0.6 M dimethyl propyl imidazolium iodide, and 0.5 M
tert-butylpyridine in dried acetonitrile. The current–voltage
characteristics of the cells were measured with a source
meter (Advantest, R6246). An AM1.5 solar simulator (Ya-
mashita Denso Co., YSS-150A with a 1000-W Xe lamp and
an AM1.5 filter) was employed as the light source. The in-
cident light intensity was calibrated with a standard Si so-
lar cell produced by Japan Quality Assurance Organization
(JQA). Photocurrent action spectra, IPCE plotted as a func-
tion of excitation wavelength, were recorded on a CEP-99W
system (Bunkoh-Keiki Co. Ltd.). Four parallel samples for
each kind of layer structure were made forI–V and IPCE
measurement, and the reproducibility of TiO2 photoelec-
trode was quite good. It is of note that black painting was
applied to the surrounding of the dye-coated film during
the measurement; otherwise, the efficiency was 1.3–1.5%
higher than the reported one, because more photons from
the surrounding part of the film can penetrate to the N719
dye through reflection and refraction of the glass texture.

3. Results and discussion

3.1. Monolayer

At the initial research stage of DSSC, a transparent
nanofilm (N) was used to study the cell performance[27]. A
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Fig. 4. Photocurrent action spectra of the electrodes with structure N and
M.

typical photocurrent action spectrum is illustrated inFig. 4,
which presents a narrow shape with IPCE at 700 nm of
17%. The dramatic decrease in IPCE from 550 nm to longer
wavelength is ascribed from the low absorption of N719
in the red region. The nano-film is transparent and has no
light scattering. Light loss due to the transmittance of light
with wavelength greater than 600 nm accounts for the poor
IPCEs in the red region. An open cell of N only generated
η of 7.6% due to the lowJsc of 14.86 mA cm−2 (Table 3).
Increasing the film thickness is an easy way to increase the
amount of adsorbed dye for the benefit of enhancing the
light absorption in the red region, and hence, the IPCEs
there. However, the overall efficiency will be decreased in
thick films, as discussed below.

In order to improve the absorption above 600 nm, large
particles were introduced to the nanoparticles matrix, and
structure M shows a broad feature in the action spectrum
as a result of the effect of light scattering by the large par-
ticles (seeFig. 4). Compared with structure N, structure M
extended the photocurrent onset from 750 to 800 nm and re-
markably improved the IPCEs above 600 nm. From 800 nm,
the IPCE rises gradually until at 620 nm it reaches a plateau
of ∼80%. The efficient light scattering due to large particles
is responsible for the broad feature in the action spectrum
of M.

The performance characteristics of sandwiched solar cells
of M are also listed inTable 3. Although M adsorbed smaller
amount of dyes than N, the former generated a higherJsc due
to the much improved IPCEs in the red region. As a result of
increasedJsc, η increased from 7.6 to 8.4%, from structure
N to M. This result indicates that a suitable combination of
nanoparticles and scattering particles is essential to improve
the cell performance.

Table 3
Performance of DSSCs with monolayera

Type of
structure

Adsorbed N719
(×107 mol cm−2)

Jsc (mA cm−2) Voc (mV) FF η (%)

N 2.15 14.86 727 0.705 7.62± 0.10
M 1.59 15.65 735 0.727 8.37± 0.15

a Open cells were measured under 100 mW cm−2 of simulated AM1.5 solar light.

Both the transparent film composed of nanoparticles of
10–25 nm and the scattering film composed of large par-
ticles are not perfectly suitable for high light absorption;
the former has no light-scattering effect and the latter has
a smaller internal surface area and serious light loss due to
back-scattering. Rothenberger et al.[23] established an op-
tical model where a mixture of 65 wt.% transparent colloid
and 35 wt.% scattering colloid could give the best gain in
absorption. The gain of the mixture over transparent film
was calculated to be 6%[23], which is in good agreement
with the photocurrent increase of 5% from transparent to
mixed film in this experiment. Since light scattering and the
surface area depend on the particle size, the optimal mix-
ture should be dependent on the large particle size. Ferber
and Luther[21], concluded from computer simulations that
the highest light absorption was obtained from an admix-
ture of 5% large particles with radius 125–150 nm, which is
different from our experimental result due to the different
scattering particle size used.

The DSSC performance largely depends on the film
thickness.Fig. 5 depicts the correlation between thickness
and performance parameters obtained from structure M.
Jsc increased from 11 to 18�m but decreased with further
increase in thicknessr. Dye in the film will build up with in-
creasing thickness, and an increasedJsc would be expected.
The charge recombination between electrons injected from
the excited dye to the conduction band of TiO2 and the I3−
ions in the electrolyte will, however, become more serious
in thicker films, which is detrimental to electron collection
on the back contact, and hence, photocurrent generation.
One can see from the trend ofJsc that dye buildup dom-
inates the photocurrent generation below 18�m, resulting
in an increase inJsc until 18�m. On the contrary, charge
recombination plays a key role in the performance when the
thickness is more than 18�m. Contrary to the tendency of
Jsc, Voc decreased linearly with increasing film thickness.
Charge recombination and mass transport limitations in the
thicker film lead to a decreasedVoc. In addition, the series
resistances of the thicker films grow quickly because the
redox species and electrons migrate in a long path-length
to complete the circuit. Balanced fromJsc and Voc, η in-
creased with thickness until 16�m followed by a decrease.
It is concluded fromFig. 5 that the optimal thickness falls
in the range of 15–18�m. The TiO2 films present in this
article had a thickness in the optimal range.

The charge recombination can be estimated by the magni-
tude and onset of dark current, which arises from the reduc-
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tion of I3− ions by the electrons on the conduction band. The
dark current potential scan for photoelectrodes with struc-
ture M is plotted inFig. 6. The dark current onset shifted to
low potential with increasing thickness, and the thinner film
produced a smaller dark current at the same potential above
0.6 V. These observations reflect a higher recombination rate
between transported electrons and I3

− ions in thicker films.
The increase in the dark current with film thickness results in
a loss inVoc. Thus,Voc decreases with increasing thickness.

Generally, high light absorption results directly from the
thick films, but the series resistances of the cell and the dark
currents should be minimized to get better performance. It is
necessary to optimize the thickness while other factors lim-
iting the cell performance are fixed. It is known that better
absorption can be realized with thicker films from an optical
point of view. However, it is very difficult to make porous
film very thick without affecting its mechanical strength and
the connectivity between particles. For a given photoelec-
trode, the optimal thickness depends on the extinction coef-
ficient of adsorbed dye and as well as the particle properties.
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Fig. 6. Dark current vs. applied potential for open cells of M with various
thicknesses.

While the optimal film thickness for N719 is in the range of
10–15�m as reported in reference[21] or of 15–18�m in
this work, 5�m TiO2 film can generate a best efficiency for
hemicyanine dyes[3,6]. The ideal case in DSSC is to employ
a dye that has a very high extinction coefficient on a very
thin porous film, which can produce both high photocurrent
and high photovoltage, resulting in a higher efficiency.

3.2. Double layer

Compared to structure N, structure M showed a broader
action spectrum and resulted in a better performance. How-
ever, the lower IPCEs in the range of 450–580 nm remind
us that the IPCEs at the dye maximum absorption does not
reach maximum for structure M (seeFig. 4). Increasing film
thickness failed to improve the maximum IPCE andJsc as
discussed in the above section. The strong back-scattering
of light due to the large particles near the conducting glass
results unavoidably in a light loss, which may explain the
fact that the maximum IPCE of M cannot reach unity as
shown inFig. 4. If the back-scattering of light is reduced or
suppressed, maximum IPCE is expected to reach unity, and
Jsc will, thus, be improved further.

In order to reduce or suppress the light loss ascribed to
the back-scattering, double-layer-films (NS and NM) were
tested. Since visible light can completely penetrate the trans-
parent film, it is wise to deposit the nanoparticles first on the
conducting glass followed by a second layer for light scatter-
ing. The back-scattering is expected to be suppressed in the
double layer structure.Fig. 7shows the action spectra of NS
and NM. The spectrum of M is also shown in this figure for
comparison. Compared with M, the significantly improved
IPCEs below 620 nm in NS and NM are persuasive evidence
for the efficient suppression of back-scattering. Contrary to
the remarkable improvement of IPCEs below 620 nm, NS
and NM gave lower IPCEs above 620 nm than M. For this
reason, theJsc was improved not so much from structure M
to NS or NM as seen inTables 3 and 4.
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Fig. 7. Photocurrent action spectra of M, NS, and NM. Sealed cells were
measured under 100 mW cm−2 illumination of AM1.5 simulated solar
light; the same below.

For the two double layer structures, NM produces higher
IPCEs than NS in the whole visible region. From structure
NS to NM, the amount of large particles was decreased,
which resulted in an increase of dye adsorption, as seen in
Table 4. The similar IPCEs in the red region suggests that
embedding of large particles in the matrix of nanoparticles
will lead to a better light scattering than using large parti-
cles alone. NM, compared to NS, has a larger surface area
while maintaining a similar light scattering, and therefore,
produced a higherJsc. The results for the performance of
NS and NM are illustrated inTable 4. In agreement with
the action spectra, NM gave a higherJsc than NS. As a con-
sequence, the overall yield of NM is also higher than that
of NS. The overall yield is, therefore, increased from 8.4 to
9.2% by adjusting the film structure from monolayer M to
double layer NM.

Besides the advantage of reducing absorption loss due to
back-scattering, the configuration of NS is useful to enhance
the light absorption in the front transparent layer by the
backscattering from the top layer composed of large parti-
cles. The absorption gain of double layer over the first layer
was calculated by Ferber and Luther[21] through computer
simulations. Most recently, Grätzel’s group employed such
a configuration as NS for the study of DSSCs and obtained
efficiencies in the range 8.4–8.6%[13,14], which are a little
lower than the efficiency of NS in this work. They claimed
that the second scattering layer is essential to get higher effi-
ciencies, but they did not explain why these efficiencies are
much lower than 10% reported in 1993[7].

Table 4
Performance parameters of DSSC with double layera

Type of
structure

Adsorbed N719
(×107 mol cm−2)

Jsc (mA cm−2) Voc (mV) FF η (%)

NS 1.50 15.71 773 0.737 8.95± 0.10
NM 1.69 15.89 781 0.743 9.22± 0.05

a Sealed cells were measured under illumination of simulated AM1.5 solar light (100 mW cm−2).
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Fig. 8. Photocurrent action spectra of NM, NMS, and NM′MS.

3.3. Multilayer

Although the double layer is better than the monolayer
in terms of back-scattering suppression, the light-scattering
effect in the double layer is not as efficient as in structure M;
the IPCEs for the double layer are lower than those of M at
the wavelength greater than 620 nm, as seen inFig. 7. It is,
therefore, imperative to increase the light scattering for the
benefit of efficient red light harvesting. Since the path-depth
length of light increases with wavelength, a better result
should be obtained when the scattering centers are gradually
increased. Therefore, a multilayer structure was proposed
and tested.Fig. 8 shows the action spectra of NMS and
NM′MS, where the spectrum of NM is also appended for
comparison. NMS adsorbed a similar amount of dye to NM,
but the former structure gave higher IPCEs in the visible
range. The increased amount of light-scattering particles and
the scattering center gradient may account for the enhanced
IPCEs. As a result of improved IPCEs,Jsc was increased by
0.8 mA cm−2, andη increased by 0.4%, as seen inTables 4
and 5.

If too many large particles are incorporated into the film,
the light absorption enhancement that results from light scat-
tering can be offset by a lower dye concentration ascribed to
a reduction of the total surface area. How to balance the sur-
face area and the light scattering is the key to controlling the
cell performance. Structure NM′MS could adsorb more dye
than NMS, and present both higher IPCEs and broad fea-
ture. As a result, the DSSC with structure NM′MS yielded
a higher efficiency, that is, 9.8% ofη. The larger surface
concentration of dye and the suitable light-scattering center
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Table 5
Performance parameters for DSSCs with multilayersa

Type of
structure

Adsorbed N719
(×107 mol cm−2)

Jsc (mA cm−2) Voc (mV) FF η (%)

NMS 1.54 16.74 776 0.742 9.64± 0.08
NM′MS 1.72 17.24 765 0.741 9.77± 0.12

a Sealed cells were measured under illumination of simulated AM1.5 solar light (100 mW cm−2).

gradient in NM′MS may account for the higher IPCEs than
those observed in NMS.

Fig. 9 shows the typical current–voltage characteristics
of a sealed cell with structure NM′MS under illumination
of simulated AM1.5 solar light (100 mW cm−2). A thin
anti-reflection layer was put on the cell surface to reduce
the light reflection by the conducting glass. TheJsc, Voc,
and FF are 18.17 mA cm−2, 764 mV, 0.737, respectively,
corresponding to an overall energy conversion efficiency of
10.23%, which was reproduced many times. All the sealed
DSSCs discussed here were very stable and sustained for
at least 1 month with efficiency fluctuations of 0.2% within
experimental error.

The overall efficiency of 10% for N719 was unmatched
for several years until the discovery, in 2001, of the black
dye which gave an efficiency of 10.4%. Most recently,
Grätzel’s group achieved a new record efficiency of 10.6
with N719 using guanidinium thiocyanate as additive in
the electrolyte, which results in a remarkable improve-
ment in the photovoltage[28]. We also broke the 10%
record for N719 through tuning the layer structure while
the other factors such as electrolyte and counter electrodes
normally used in DSSCs were fixed. If the new electrolyte
[28] and the new mode of Pt deposition[29] recently de-
veloped in Grätzel’s group is applied in the multilayer
configuration, it is expected to improve the efficiency
further.
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Fig. 9. Photocurrent–photovoltage characteristics of a sealed cell of
NM′MS using an anti-reflection film layer on the cell surface to reduce
the light reflection by the conducting glass.

4. Conclusions

It is evident that the cell performance depends on the film
morphology for a given DSSC. Nanoparticles are essential
to increase surface area, and hence, amount of dye, while
large particles are required to enhance absorption of red
light through light scattering. It is impossible to increase sur-
face area and light scattering simultaneously, because they
oppose each other. Therefore, there must be a balance be-
tween them. Such a balance was well controlled by tuning
the layer structure, and an energy conversion efficiency of
10.2% was obtained using a multilayer structure. The mul-
tilayer structure is also suitable for other dyes in terms of
improving light harvesting efficiency, and hence, photocur-
rent. In order to scatter the red light more efficiently, a more
sophisticated multilayer structure with gradually increased
particle size from the most-inner layer deserve to be con-
structed and tested. It is easy to control the film structure by
screen printing. Consequently, such a simple but effective
strategy may provide a way to improve the overall energy
conversion efficiency even further.
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