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Abstract

Since Gréatzel's group reported an overall efficiency of 10% for dye-sensitized solar cell disidifthiocyanato)bis(2,2bipyridyl-
4,4-dicarboxylate)ruthenium(ll), 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 @ffiiBelectrode morphology towards
optimization of solar energy conversion efficiency has been investigated.pfi@oelectrodes with six different structures, with layers of
nanopatrticles, light-scattering particles, and mixture of nanoparticles and light-scattering particles on the conducting glass at a desirable se
guence and thickness, were designed and investigated. The profiles of photocurrent action spectra were compared in terms of light scattering anc
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, wi%% 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 crd) was attained with a multilayer structure using an anti-reflection film on the cell surface.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Dye-sensitized solar cells; TiJphotoelectrode; Morphology; Light scattering; N719 ruthenium complex

1. Introduction

Dye-sensitized solar cells (DSS4)], which emerged
* Corresponding author. Tel81-3-5228-8311, ?S a new .generatlon phOtOVO|taIC d.eVIFe’ hayg been stud-
fax: +81-3-5261-4631. ied extensively{2—6] because of their high efficiency and
E-mail address; h.arakawa@ci.kagu.tus.ac.jp (H. Arakawa). low-cost. The two outstanding sensitizers for DSSC so
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reasons, there have been more and more efforts on the im-
provement of N719-based DSSCs through the optimizations
of dye, TiQ, surface, and electrolyt¢$4—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 semiconductof17]. It has recently been reported
300 400 500 600 700 800 that an insulated layer coating on the surface of mesoporous
Wavelength/nm 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
ddevelop high efficiency DSSCs, optimizing information for
the photoelectrode is highly desirable, because Gratzel and

Absorbance

0.0

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(2/2bipyridyl-4,4-
dicarboxylate)rut-henium(l1]7], so called N719Kig. 1),
and tri(thiocyanato)-2/2"-terpyridyl-4,4,4"-tricarboxy-
late)ruthenium(11)[8], so called the black dye. The highest
efficiencies reported for N719 and the black dye are 10 an

10.4%, respectively7,8], which is comparable to the con- K did d ibe the Tiofi hol
ventional silicon-based solar cell. In particular, N719 has co-wort ers{7] IC _not escrl ?_t e Tipfilm morphology
in detail for obtaining 10% efficiency.

emerged as the standard dye to compare and select othe L
There are many factors limiting the cell performance,

new sensitizers for DSS{®-11], because it has not only a hich liht h ! fici ) i
high efficiency but also a high photo- and chemical-stability. among which fig t arvestmg efficiency 1S very wpportant.
The maximum energy conversion efficienayypa) of Since N719 has low absorption in the red regifig( 1),
large particles, with light-scattering effect, are incorporated

N719 in AM1.5 sun can be estimated from the integral pho- . ) )
tocurrent densityJso), the open-circuit photovoltage/gc), into the film to enhance the photoresponse to red light. How-
ever, the reduction of surface area and light loss due to

the fill factor (FF), and the power of the incident lighR,

100 MW cnr2). back-scattering arising from the presence of large particles
counteract the light-scattering effef@1-23] This article
Tglobal = M (1) discusses methods to balance the light scattering and surface
P area effects, which are opposed to each other. To harvest vis-

Jsc can be calculated by the overlap integration of global ible light efficiently, a multilayer structure was proposed in
AM1.5 solar emission spectrum and the photocurrent action our group. Herein, we outline the tuning of layer structures
spectrum over the wavelengths where the dye absorbs. and their effect on the performance of DSSC.

Jso = /qF(A)[l — rWIIPCEG)dr 2) 2. Experimental section
where g is the electron charge;()) the incident photon
flux density at wavelength, r(A) the incident light loss
due to the light absorption and reflection by conducting  The DSSC performance depends on the nature and size
glass, and IPCE( is defined as the incident monochro-  of the TiQ, particles. TiQ particles must be prepared with

matic photon-to-electron conversion efficiency. IPOE{an  good dispersion and high crystallinity. Since anatase is bet-

2.1. Preparation of TiO; particles

be obtained through the following expression: ter than rutile and brookite for solar energy conversion, the
1240% Jsc (A cm™2) anatase phase is favorable in the preparation ob Ti&rti-
IPCE(}) = S — 3) cles, and the other two phases, rutile and brookite, should
(nm) x P(Wm™—2) .
be avoided.
Jsc can be deduced to be20 mA cni2 using 0.1 ofr(1) Three kinds of TiQ particles were prepared in a basic en-

and an average IPCE value of 0.85. As a consequence, thevironment according to the procedure repori2d], which
theoretical energy conversion efficiency of N719 is estimated was modified as follows. Titanium tetraisopropoxide (TTIP)
to be around 14% using ¥, of 0.9V and FF of 0.§12]. was added to water (Ti#D = 1:50) at 15C under vig-

In addition, the 10% efficiency for N719 has not been repro- orous stirring for 1 h. The white precipitate so formed was
duced by institutions other than Gratzel's group, and the usu-filtered and washed three times with water. It was then trans-
ally reported values are only around 8.4%8,14] For these ferred to a tetramethylammonium hydroxide (TMAH) solu-
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Table 1 The XRD peaks broaden with increasing TMAH content,
BET surface area and average particle size of the preparedpEficles indicating a decreased particle size with increasing concen-
TiO; particles Surface area fgt) dseT (NmY? tration of TMAH over the range investigated. All the peaks
NG 6.3 233 assignable to the anatase phase were clearly observed in the
s 30.4 50.7 XRD patterns. The XRD peaks were intense and very well
sA 15.4 100.2 resolved, suggesting that the BiQarticles obtained have
@ Average diameter of Ti@ particles were calculated from the BET high CryStfa”mIty‘ No peaks fo_r O_ther phases such as rutile
surface area, assuming the particles are spherical. and brookite were observed, indicative of pure anatase par-
b N stands for nanoparticles. The molar ratio of TTIP to TMAH was ticles.
set at 62.5:1. The usually employed Ti® nanopatrticles are synthe-

¢ Sltst?nzdssbfir the 50 nm particles. The molar ratio of TTIP to TMAH sized by hydrolysis of TTIP in 0.1 M nitric acid followed
was set a 1.

d 52 stands for the 100nm particles. The molar ratio of TTIP to by athda_Vmg at 230C [71’ and its XRD p_attem IS al_so
TMAH was set at 500:1. shown inFig. 2 for comparison. However, Ti©nanoparti-
cles prepared in 0.1 M nitric acid contain rutile and brookite
impurities [25], which is disadvantageous to solar energy

tent of TiO was set at 10wt.%. The resultant colloids were ., ersior26]. The surface area for nanoparticles prepared
heated at 270C for 4 h in a titanium autoclave under stir- i\ itric acid is about 120 Ag1, which is almost double

ring. TiO2 particles with different sizes were obtained when 4+ of the TiQ nanoparticles (N) from TMAH. Further-

the molar ratio of TMAH to Ti was varied. The TMAH con- 56 the TiQ film fabricated from the former particles can
tent has a large influence on the Brunauer—-Emmett-Teller;,jeed adsorb a larger amount of dye than the film made
(BET) surface area and the particle size; the results are SUm¢ the |atter particles. The latter photoelectrode could, how-
marized inTable 1 The surface area decreased and particle ger yield a higher efficiency. One possible reason is that
size mcreaseq with decreasing content quMAH inthe range 1o, particles prepared from TMAH contain pure anatase
tested, and vice versa. The average diameters of the TiO ¢y giajlites and can form as an ordered structure in the film
particles obtained were 23, 50, and 100nm (Gzele J. [24]. Frank and co-worker26] compared the performance
Fig. 2 shows the XRD patterns of nanoparticles (23nm), ot qye.sensitized rutile- and anatase-based, Balar cells,
large particles (50nm), and the larger particles (100nm). 504’ concluded that electron transport is slower in the ru-

tile layer than in the anatase layer. As a consequence, the
0 Rutile short-circuit photocurrent of the rutile-based cell was lower
* Brookite than that of the anatase-based cell. Their results suggested
that rutile or other impurities in Ti@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
,L influence on the overall efficiend25]. The three kinds of
TiO, particles prepared from TMAH were employed for
fabrication of various photoelectrodes in this article.

tion and refluxed at 100C for 4 h under stirring. The con-

Intensity (a.u.)

2.2. Fabrication of photoelectrodes with different

mor phologies
®) | '

TiO2 films were fabricated using a screen printing
method. Nanopatrticles, large particles, and mixtures con-

© “ h | taining nanoparticles and large particles at a ratio of 6:4

were employed to prepare various piQastes for screen

@ flo printing. TiO particles were dispersed in-terpineol with
20 30 40 50 60 70 ethyl cellulose as a binder. The constituents in eachy TiO
20 paste are listed ifiable 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
obtained at Ti:TMAH= 500, where TMAH, tetramethylammonium hy- . . .
droxide, (b) large particles (50nm) obtained at Ti:TMAH 250, (c) Iarge pamCIe,S (100 nm) ata r?tlo of 6:4, ar?d panaAMS
nanoparticles (23 nm) obtained at Ti:TMAH 62,5, and (d) nanoparticles ~ Made of a mixture of nanoparticles and particles of 50 nm at
(14 nm) obtained from a 0.1 mol dm nitric acid solution. a ratio of 6:4 tooFig. 3shows the film structure, N, M, NS,

Fig. 2. XRD patterns of TiQ powders. (a) Large particles (100nm)
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Table 2 2.3. Photovoltaic measurements
Composition (wt.%) of various Ti@pastes

Type of pastes  Nanoparticles (23nm)  S1 (50nm) S2 (100nm)  The TiO, photoelectrodes were heated at 8€5for
2h under an air atmosphere. After treating the films with

N 100

M’ 60 40 0.05M TiCly for 30 min at 70°C [8], the films were cal-
M 60 40 cined at 450C for 30 min and allowed to cool to 16C
S 100 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 aect-butanol.
NM, NMS, and NMMS, studied in this report. Structure The concentration was 2 10~4moldm3. In order to
N and M, composed of homogeneous nanolayer and mixeddetermine the surface concentration of N719 in the photo-
layer, respectively, are regarded as a monolayer, wherealectrode, the dye was desorbed into 0.1 motdrilaOH
structure NS and NM, consisting of two different layers, solution in a mixed solvent (water/ethansl1:1, v/v), and
are regarded as a double layer. Structure NMS andNi\B/ the UV-Vis absorption spectrum of the resultant solution,
contain three or more different layers and are referred to aswhose molar extinction coefficient was determined to be
multilayer. Various layers were printed onto the conducting 1.41 x 10*dm®mol~tcm! at 515nm, was measured to
glass (Nippon Sheet Glass Co., Japan, F-doped $m@r, estimate the adsorbed amount of dye.

8-10Q 0~ 1) sequentially using the paste listedTable 2 The sandwich-type solar cell was assembled by plac-
The film thickness was measured with a Tencor Alpha-Step ing a platinum-coated conducting glass (counter electrode)
500 Surface Profiler. The film size was 5mm5mm, on the N719 dye-sensitized photoelectrode (working elec-

whose geometric area was precisely measured with a Nikontrode), and clipped together as open cells for measurements.
Digital Camera controlled by a computer using an objective On the other hand, sealed cells were also tested in this
micrometer ruler as a reference. Because it is very difficult study. The two electrodes were separated by a surlyn spacer
to grow the film vertically, the projection of the film, mea- (30um thick) and sealed up by heating the polymer frame
sured as the film area, is a little larger than the bottom area[13]. The redox electrolyte was introduced into the space
of the film. Therefore, the efficiency reported in this article of inter-electrodes through the two holes pre-drilled on the
might be underestimated a little. 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 Lil, 0.05M

| | | | I, 0.6 M dimethyl propyl imidazolium iodide, and 0.5M

0 G tert-butylpyridine in dried acetonitrile. The current-voltage
AN characteristics of the cells were measured with a source
— OO meter (Advantest, R6246). An AM1.5 solar simulator (Ya-
O 800 mashita Denso Co., YSS-150A with a 1000-W Xe lamp and
0000 an AML1.5 filter) was employed as the light source. The in-
______________ CREAREA cident light intensity was calibrated with a standard Si so-
N M lar cell produced by Japan Quality Assurance Organization
(JQA). Photocurrent action spectra, IPCE plotted as a func-
L 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 feV and IPCE
Double Layer 0 measurement, and the reproducibility of Bi@hotoelec-
........... D0 trode was quite good. It is of note that black painting was
AN F: 10 A applied to the surrounding of the dye-coated film during
........ JCICICIC I I RPN N | the measurement; otherwise, the efficiency was 1.3-1.5%
NS NM higher than the reported one, because more photons from
the surrounding part of the film can penetrate to the N719
Il dye through reflection and refraction of the glass texture.
Multlayer e - . 08 3. Results and discussion
; 5000
..... Yy asned ?. : .‘.h.. e 31 Mono|ayer
NMS NM’MS

At the initial research stage of DSSC, a transparent
Fig. 3. Schematic film morphologies of studied FiPhotoelectrodes. nanofilm (N) was used to study the cell performaf®g. A



Z.-S Wang et al./ Coordination Chemistry Reviews 248 (2004) 1381-1389 1385

PRI Both the transparent film composed of nanoparticles of
0.8 Ll Y 10-25nm and the scattering film composed of large par-
/’ \\ ticles are not perfectly suitable for high light absorption;
2 067 ,,,.-’--x.\_____...-/"/ AR the former has no light-scattering effect and the latter has
g £ Y a smaller internal surface area and serious light loss due to
z o ( N back-scattering. Rothenberger et[@B] established an op-
02 ! N tical model where a mixture of 65 wt.% transparent colloid
v N and 35wt.% scattering colloid could give the best gain in
0o YN absorption. The gain of the mixture over transparent film
300 400 500 600 700 800 was calculated to be 6923], which is in good agreement
Wavelength/nm with the photocurrent increase of 5% from transparent to

mixed film in this experiment. Since light scattering and the
surface area depend on the patrticle size, the optimal mix-
ture should be dependent on the large particle size. Ferber
typical photocurrent action spectrum is illustrated-ig. 4, and Lutherf21], concluded from computer simulations that
which presents a narrow shape with IPCE at 700 nm of the highest light absorption was obtained from an admix-
17%. The dramatic decrease in IPCE from 550 nm to longer ture of 5% large particles with radius 125-150 nm, which is
wavelength is ascribed from the low absorption of N719 different from our experimental result due to the different
in the red region. The nano-film is transparent and has noscattering particle size used.
light scattering. Light loss due to the transmittance of light The DSSC performance largely depends on the film
with wavelength greater than 600 nm accounts for the poor thickness Fig. 5 depicts the correlation between thickness
IPCEs in the red region. An open cell of N only generated and performance parameters obtained from structure M.
n of 7.6% due to the lowls; of 14.86 mA cnt? (Table 3. Jsc increased from 11 to 18m but decreased with further
Increasing the film thickness is an easy way to increase theincrease in thickness Dye in the film will build up with in-
amount of adsorbed dye for the benefit of enhancing the creasing thickness, and an increadgdvould be expected.
light absorption in the red region, and hence, the IPCEs The charge recombination between electrons injected from
there. However, the overall efficiency will be decreased in the excited dye to the conduction band of i@nd the $~
thick films, as discussed below. ions in the electrolyte will, however, become more serious
In order to improve the absorption above 600 nm, large in thicker films, which is detrimental to electron collection
particles were introduced to the nanoparticles matrix, and on the back contact, and hence, photocurrent generation.
structure M shows a broad feature in the action spectrumOne can see from the trend af; that dye buildup dom-
as a result of the effect of light scattering by the large par- inates the photocurrent generation belowub, resulting
ticles (seeFig. 4). Compared with structure N, structure M in an increase isc until 18 um. On the contrary, charge
extended the photocurrent onset from 750 to 800 nm and re-recombination plays a key role in the performance when the
markably improved the IPCEs above 600 nm. From 800 nm, thickness is more than 38n. Contrary to the tendency of
the IPCE rises gradually until at 620 nm it reaches a plateauJsc, Voc decreased linearly with increasing film thickness.
of ~80%. The efficient light scattering due to large particles Charge recombination and mass transport limitations in the
is responsible for the broad feature in the action spectrum thicker film lead to a decreasétc. In addition, the series
of M. resistances of the thicker films grow quickly because the
The performance characteristics of sandwiched solar cellsredox species and electrons migrate in a long path-length
of M are also listed iTable 3 Although M adsorbed smaller to complete the circuit. Balanced frody; and Vo, 7 in-
amount of dyes than N, the former generated a highetue creased with thickness until 16n followed by a decrease.
to the much improved IPCEs in the red region. As a result of It is concluded fromFig. 5 that the optimal thickness falls
increasedlsc, 77 increased from 7.6 to 8.4%, from structure in the range of 15-18m. The TiQ films present in this
N to M. This result indicates that a suitable combination of article had a thickness in the optimal range.
nanoparticles and scattering particles is essential to improve The charge recombination can be estimated by the magni-

Fig. 4. Photocurrent action spectra of the electrodes with structure N and
M.

the cell performance. tude and onset of dark current, which arises from the reduc-
Table 3

Performance of DSSCs with monola§er

Type of Adsorbed N719 Jsc (MAcm2) Voc (MV) FF n (%)

structure (x10” molcm2)

N 2.15 14.86 727 0.705 7.62 0.10

M 1.59 15.65 735 0.727 8.3Z 0.15

a Open cells were measured under 100 mW érof simulated AM1.5 solar light.
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Fig. 5. Dependence s, Voc, andn on the film thickness. The photoelectrodes in this figure had a structure of M. Open cells (not sealed) were tested
under illumination of simulated AM1.5 solar light (100 mW ch).

tion of I3~ ions by the electrons on the conduction band. The While the optimal film thickness for N719 is in the range of

dark current potential scan for photoelectrodes with struc- 10-15um as reported in refereng21] or of 15-18um in

ture M is plotted inFig. 6. The dark current onset shifted to  this work, S5um TiO; film can generate a best efficiency for

low potential with increasing thickness, and the thinner film hemicyanine dyef8,6]. The ideal case in DSSC is to employ

produced a smaller dark current at the same potential abovea dye that has a very high extinction coefficient on a very

0.6 V. These observations reflect a higher recombination ratethin porous film, which can produce both high photocurrent

between transported electrons agd lons in thicker films. and high photovoltage, resulting in a higher efficiency.

The increase in the dark current with film thickness results in

a loss inVge. Thus,Voc decreases with increasing thickness. 3.2. Double layer

Generally, high light absorption results directly from the

thick films, but the series resistances of the cell and the dark Compared to structure N, structure M showed a broader

currents should be minimized to get better performance. Itis action spectrum and resulted in a better performance. How-

necessary to optimize the thickness while other factors lim- ever, the lower IPCEs in the range of 450-580 nm remind

iting the cell performance are fixed. It is known that better us that the IPCEs at the dye maximum absorption does not

absorption can be realized with thicker films from an optical reach maximum for structure M (s€&g. 4). Increasing film

point of view. However, it is very difficult to make porous thickness failed to improve the maximum IPCE akd as

film very thick without affecting its mechanical strength and discussed in the above section. The strong back-scattering

the connectivity between particles. For a given photoelec- of light due to the large particles near the conducting glass

trode, the optimal thickness depends on the extinction coef-results unavoidably in a light loss, which may explain the

ficient of adsorbed dye and as well as the particle properties.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

0.4 0.5 0.6 0.7 0.8 Jsc will, thus, be improved further.

01 1% 'm ' ' ' In order to reduce or suppress the light loss ascribed to
Y | oty the back-scattering, double-layer-films (NS and NM) were
16.37 pm
——17.93 um tested. Since visible light can completely penetrate the trans-
™ 2312 um e : : -
e 5736 “m parent film, it is wise to deposit the nanoparticles first on the
< 87 3112 ﬁm conducting glass followed by a second layer for light scatter-
£ ] ing. The back-scattering is expected to be suppressed in the
c -8 . .
g double layer structuré=ig. 7 shows the action spectra of NS
G 109 and NM. The spectrum of M is also shown in this figure for
12 comparison. Compared with M, the significantly improved
IPCEs below 620 nm in NS and NM are persuasive evidence
14 : : : . for the efficient suppression of back-scattering. Contrary to
0.4 0.5 0.6 0.7 0.8 the remarkable improvement of IPCEs below 620 nm, NS

Potential/\V/ and NM gave lower IPCEs above 620 nm than M. For this
Fig. 6. Dark current vs. applied potential for open cells of M with various reason, thdsc was |mp_roved not so much from structure M
thicknesses. to NS or NM as seen iffables 3 and 4
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Fig. 7. Photocurrent action spectra of M, NS, and NM. Sealed cells were Fig. 8. Photocurrent action spectra of NM, NMS, and W\&.
measured under 100 mW crh illumination of AM1.5 simulated solar
light; the same below.

3.3. Multilayer

For the two double layer structures, NM produces higher  Although the double layer is better than the monolayer
IPCEs than NS in the whole visible region. From structure in terms of back-scattering suppression, the light-scattering
NS to NM, the amount of large particles was decreased, effect in the double layer is not as efficient as in structure M;
which resulted in an increase of dye adsorption, as seen inthe IPCEs for the double layer are lower than those of M at
Table 4 The similar IPCEs in the red region suggests that the wavelength greater than 620 nm, as sedfign7. It is,
embedding of large particles in the matrix of nanopatrticles therefore, imperative to increase the light scattering for the
will lead to a better light scattering than using large parti- benefit of efficient red light harvesting. Since the path-depth
cles alone. NM, compared to NS, has a larger surface aredength of light increases with wavelength, a better result
while maintaining a similar light scattering, and therefore, should be obtained when the scattering centers are gradually
produced a highedsc. The results for the performance of increased. Therefore, a multilayer structure was proposed
NS and NM are illustrated ifable 4 In agreement with  and testedFig. 8 shows the action spectra of NMS and
the action spectra, NM gave a highlggthan NS. Asacon-  NM’MS, where the spectrum of NM is also appended for
sequence, the overall yield of NM is also higher than that comparison. NMS adsorbed a similar amount of dye to NM,
of NS. The overall yield is, therefore, increased from 8.4 to but the former structure gave higher IPCEs in the visible
9.2% by adjusting the film structure from monolayer M to range. The increased amount of light-scattering particles and
double layer NM. the scattering center gradient may account for the enhanced

Besides the advantage of reducing absorption loss due tolPCEs. As a result of improved IPCEkLc was increased by
back-scattering, the configuration of NS is useful to enhance 0.8 mA cnT 2, andy increased by 0.4%, as seenTiables 4
the light absorption in the front transparent layer by the and 5
backscattering from the top layer composed of large parti- If too many large particles are incorporated into the film,
cles. The absorption gain of double layer over the first layer the light absorption enhancement that results from light scat-
was calculated by Ferber and Lutj2L] through computer  tering can be offset by a lower dye concentration ascribed to
simulations. Most recently, Gratzel's group employed such a reduction of the total surface area. How to balance the sur-
a configuration as NS for the study of DSSCs and obtained face area and the light scattering is the key to controlling the
efficiencies in the range 8.4-8.6%3,14], which are a little cell performance. Structure NMS could adsorb more dye
lower than the efficiency of NS in this work. They claimed than NMS, and present both higher IPCEs and broad fea-
that the second scattering layer is essential to get higher effi-ture. As a result, the DSSC with structure NWB yielded
ciencies, but they did not explain why these efficiencies are a higher efficiency, that is, 9.8% of. The larger surface

much lower than 10% reported in 1993. concentration of dye and the suitable light-scattering center
Table 4

Performance parameters of DSSC with double Fyer

Type of Adsorbed N719 Jsc (MAcm2) Voc (MV) FF n (%)

structure (x10” molcm2)

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 m&jcm
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Table 5
Performance parameters for DSSCs with multila§ers
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Type of Adsorbed N719 Jsc (MAcm™2) Voc (MV) FF n (%)
structure (x10” mol cni2)

NMS 1.54 16.74 776 0.742 9.64 0.08
NM’'MS 1.72 17.24 765 0.741 9.7F# 0.12

a Sealed cells were measured under illumination of simulated AM1.5 solar light (100 m&jcm

gradient in NMMS 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 NMIS under illumination
of simulated AM1.5 solar light (100mWcm). A thin
anti-reflection layer was put on the cell surface to reduce
the light reflection by the conducting glass. Thg, Vo,
and FF are 18.17mAcnt, 764mV, 0.737, respectively,
corresponding to an overall energy conversion efficiency of
10.23%, which was reproduced many times. All the sealed

4. Conclusions

Itis evident that the cell performance depends on the film
morphology for a given DSSC. Nanopatrticles 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. Itis 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

DSSCs discussed here were very stable and sustained fothe layer structure, and an energy conversion efficiency of

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,
Gréatzel'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 photovoltagg28]. We also broke the 10%
record for N719 through tuning the layer structure while

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.

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 depositi¢29] recently de-
veloped in Gratzel's group is applied in the multilayer
configuration, it is expected to improve the efficiency
further.

20
_ -2
154 J,.=18.17mAcm
o Voo =764 mV
5 FF=0.737
< 7=10.23%
£ 101
c
<
5
O
5_
0 T T T T
0.0 0.2 0.4 0.6 0.8
Potential/V

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.
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