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Dye-Sensitized Solar Cells Based
on Principles and Materials of
Photosynthesis

Koyama Lab. XiaoFeng Wang

Society is becoming increasingly aware that reserves
of fossil fuels are finite and that their use has serious
environmental side effects. This realization has encouraged
the evaluation of the use of ‘cleaner’ , renewable sources of
energy such as solar, wind or tidal power. Solar cells are
potentially very attractive candidates as alternative energy
sources; their potential can be readily appreciated when it
is realized that the amount of solar energy that strikes the
surface of the Earth every minute is greater than the total
amount of energy that the world’ s population consumes in
a year. Conventional solar cells transducer light energy into
electricity by exploiting the photovoltaic effect that exists
at some semiconductor junctions (most current commercial
photovoltaic cells are based on silicon). Typical efficiencies
are 8-11%, while the capital costs of construction and
installation of wafer based crystalline-silicon solar cells are
very expensive.

In contrast to these silicon-based solar cells, the dye-
sensitized solar cells (DSSCs) based on principles that
come from photosynthesis, have been attracting great
interests during the last 15 years. The DSSC has a lower
technology content than the silicon cells and is therefore
much cheaper to produce. Abundant proposals and trials,
on the development of dye sensitizer, the nanocrystalline
semiconductor film, and the redox component in electrolyte,
have been made to improve the performance of this device.
The present record of over 11% for the photo energy-to-
electricity conversion efficiency (conversion efficiency)
for DSSC has been achieved by employing a Ru-complex
N719. The electron transfer processes in DSSCs, however,
remain unchanged during the long term development,
and therefore, they become the key point in the further
developments to be improved.

This Ph.D thesis is in a series of attempts to develop
new titania-based Gritzel-type dye-sensitized solar cells
using photosynthetic pigments, i.e., carotenoids (Cars) and
chlorophylls (Chls). The performance of DSSCs and the
physical-chemistry background to determine the photo-
current and the solar energy-to-electricity conversion
efficiency (abbreviated as ‘conversion efficiency ') can be
summarized as follows: First, we tried to use Car derivatives
as sensitizers that can eject electron upon photo-excitation.
(1) DSSCs were fabricated by the use of retinoic acid (RA)
and carotenoic acids (CAs) having the number of conjugated
double bonds, n = 5-13. The incident photon-to-current
conversion efficiency (IPCE), the photo-current density
(Js¢) and conversion efficiency (1) exhibited the highest
values at n = 7, and then decreased toward both sides. The
IPCE, Jsc and n values reached ~50%, 5 mA-cm™? and
~1.7%. The effects of dilution of CA7 with deoxycholic
acid were also examined; the apparent maximum values
were obtained by lowering the dye concentration to 70%.
The above parameters per unit concentration progressively
increased toward the lowest concentration approximately 9
times. The result was ascribed to the formation of ‘isolated
excitation’ that is free from singler-triplet annihilation.

(2) (Xiang et al. JPCB 109 (2005)) In order to reveal
the physical-chemistry background of the performance of
the DSSCs, we examined the RA and CAs bound to TiO2
nanoparticles in suspension by means of subpicosecond and
microsecond time-resolved absorption spectroscopy: The
electron-injection efficiencies were determined, by the use
of the relevant time constants determined by singular-value
decomposition (SVD) and global fitting of the sub-ps time-
resolved spectral data metrics, to be in the following order:
RAS =CA6 < CA7 > CA8 > CA9 > CAll. CA7 exhibited
the electron-injection efficiency as high as 98%, the n value
in RAS and CA6 being 92%. The SVD and global-fitting
analyses of the sub-ps data revealed a new scheme, which
includes the formation of the radical cation (Do"")-triplet
(T1) complex followed by transformation to both the Do"*
and T states. Consistent with the energy gap between the
conduction-band edge and the T level, the generation of the
T state (or in other words, charge recombination) increased
in the order, CA7 < CA6 < RAS, explaining the decline of
DSSC performance toward RA5. The efficient generation
of the T state even in CA7, causing the singlet-triplet
annihilation, has been evidenced.

(3) The idea of singlet-triplet annihilation was further
confirmed by comparing the effects of lowering dye
concentration or light intensity among four polyene dyes
having different transition dipole moments, or in other

words, different tendency of aggregate formation. They
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include ¢-6-CA, MeO- ¢ -6-CA, (MeO)s-p-6-CA and
MeaN- ¢ -6-CA, i.e., CA consisting of benzene ring and
6 conjugated double bonds, to which none or a different
electron-donating group is attached. In the dye having the
largest transition dipole (Me:N-¢-6-CA), an aggregate
was readily formed through dispersive interaction, and the
photo-current was increased when the dye concentration
or the light intensity was lowered. This was adcribed to
the suppression of the single-triplet annihilation reaction.
In the dye having the smallest transition dipole, there was
no sign of aggregate formation, and the photo-current was
decreased when the dye concentration or the light intensity
was lowerd.

Thus, as polyene sensitizer having a shorter conjugated
chain (CA7, for example) can be characterized as follows: It
is potentially an excellent sensitizer exhibiting an electron-
injection efficiency of almost unity, which stems from a pair
of channels one from the 1B." (S2) and the other from the
2A¢ (Si) state. However, the reverse electron transfer and
the resultant charge recombination efficiently generates the
Ti state. Structurally, its extended conjugated chain tends
to form an aggregate on the surface of TiO: layer due to the
dispersive interaction, and as a result, efficient singlet-triplet
annihilation takes place when excitonic singlet excitation
is covering over the aggregate (a 100% dye concentration)
or when a localized singlet excitation is migrating along
a pathway (a 70-60% dye concentration). In order to
completely prevent singlet-triplet annihilation, isolated
singlet excitation needs to be achieved.

To realize this condition of isolated excitation, a
large surface area of TiO: layer, to accommodate both the
sensitizer and the spacer molecules, needs to be formed by
the use of TiO2 nanowires or nanotubes.

Next, we started to use a chlorophyll derivative, as
the sensitizer, and the bacterial and plant Cars as redox
spacers: (4) DSSCs were fabricated by the use of methyl
3-devinyl-3-carboxy-pyropheophorbide a (abbreviated as
PPB a, renamed afterward as ‘Phe’ @’ ) as the sensitizer.
A 10% each of Car, including neurosporene, spheroidene,
lycopene, anhydrorhodovibrin, and spirilloxanthin with
number of conjugated double bonds, n = 9-13, was added
as a conjugated spacer in order to neutralize the dye radical
cation and to block the reverse electron transfer. The J
and n values systematically increase with increasing n (or
in other words decreasing one electron-oxidation potential
the Cars) from 10.1 mA-cm? and 3.1% (with no Car) up to
11.5 mA-cm? and 4.0% (with spirilloxanthin, n = 13), i.e.,
an enhancement of ~30%. Energetically, there was little
chance of singlet-energy transfer from bacterial Cars to PPB
a; the enhancement of DSSC performance was explained in

terms of electron-transfer mechanism.

(5) In order to confirm the electron-transfer
mechanism, subpicosecond time-resolved absorption
spectroscopy of PPB a and the set of Cars bound to TiO2
nanoparticles in suspension was performed. Electron
injection from PPB a to TiO: took place in ~30 fs following
the decay of an excimer that was generated immediately
after excitation to the Qy state. Then, electron transfer from
Cars to PPB a radical cation took place in 200-240 fs. The
time constant of electron transfer increased systematically
according to the gap of one electron-oxidation potential
between PPB a and each Car.

(6) A 20% each of plant Cars, including neoxanthin,
violaxanthin, lutein and B-carotene with n = 8, 9, 10 and
11 were added as redox spacers to a DSSCs using PPB a,
and effects on the photo-current and conversion efficiency
were examined. Not shorter-chain Cars that can potentially
transfer singlet energy, but longer-chain Cars that can
efficiently transfer electron to the sensitizer, exhibited a
larger enhancement of the performance, supporting not
the energy-transfer mechanism but the electron-transfer
mechanism. The Ji and n values systematically increase
with increasing n (decreasing one electron-oxidation
potential) from 10.6 mA+cm? and 3.4% (with no Car) to
13.7 mA-cm? and 4.2% (with B-carotene).

Thus, it has been established that the combination of
PPB a having the one electron-oxidation potential (Eox) of
1.18 eV and B-carotene having that of 0.61 eV gives rise to
the best performance of DSSC so far examined. (Since the
Gritzel group succeeded in generating the Ji and n values
of 14.4 mA-cm? and 5.1% in a DSSC fabricated by them
by the use of our PPB « (if our values 10.6 mA-cm? and
3.4%), there is a good chance of getting those values, 18.7
mA-cm? and 6.6%, the B-carotene spacer is introduced.
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Particle size dependence of critical
thickness on ferroelectricity in BaTiOs by
ab initio calculations

Hayafuji Lab. Keisuke Ishizumi

Ferroelectric materials have been extensively studied
for using in gate capacitors of non-volatile memories.
Ferroelectric material exhibits spontaneous polarization,
which can be reversed by applied electric field. Typical
ferroelectric materials used for memories have perovskite
crystal structures such as BaTiOs. For applications, ultra
thin films of these materials are required, but ferroelectricity
is disappeared at a certain nanoscale size of materials. Their
critical size has not been understood well by experiments
yet.

From this perspective, size effects of the critical
thickness of nanoscale BaTiOs are investigated using ab
initio molecular orbital method and population analysis.
A series of models composed of a BagTi;Os cluster and
point charges surrounding the cluster are employed for
calculations of the electronic structures of the BaTiOs, with
the size of the model defined by the size of the point charge
array. Results of the calculations show that the critical
thickness of nanoscale BaTiOs decreases with decreasing
basal area of the rectangular particles.
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A mechanism for hole generation by
octahedral Bs clusters in silicon

Hayafuji Lab. Kengo Ohmori

The electronic structures and X-ray photoelectron
spectra of silicon model with octahedral Be clusters are
investigated using first-principles calculations. It is found
that the Be clusters act as double acceptors in silicon and
that the simulated chemical shift of the B 1s orbital signals
of the Be clusters in X-ray photoelectron spectra exactly
coincides with the chemical shift of B Is experimentally
observed in as-implanted silicon at an extremely high dose
of boron. These results reveal that the B¢ clusters are the
origin of hole carriers.We propose a mechanism of hole
generation and a physical model of Be cluster formation at
implantation-induced divacancy site.
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A formation mechanism of X level due
to a indium-carbon pair in silicon

Hayafuji Lab. Hiroyuki Kawanishi

We investigated the formation mechanism for a
shallower acceptor energy level called an X level that is due
to an indium-carbon pair. Electronic structure calculations
were performed using the Discrete Variational (DV) — Xo
molecular orbital method. The VASP program was used to
calculate lattice relaxation. The following results were
obtained. The X level consists mainly of the 5p orbitals of
the indium and the 3sp orbitals of the three silicon atoms
directly bound to the indium atom (Sim). Therefore, the
interaction between the 5p orbitals of the indium atom and
the 3sp orbitals of the Si;, mainly determines the ionization
energy of the X level. Moreover, the ionic bonding
interaction of the carbon atomic orbitals with the indium
atomic orbitals results in the covalent bonding interaction
of the orbitals between the indium atom and the Si;, due
to the reduction in the energy difference between the 5p
atomic orbital energy of the indium and the 3s and 3p
atomic orbital energies of Sim in the cluster. As a result, a

shallower X level is formed.
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Studies on Analysis of Models for
Complex Networks and a Drawing System
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In this master's thesis, we studied on a mathematical
model of real networks and developed a network analysis
and drawing system.

First, we investigated the threshold model. We
estimated the clique size and the number of edges in a
graph generated by the threshold model. In addition, we
proposed and analyzed a mechanism to generate a weight
distribution of the model. As a result, we proved that the
weight distribution converges to the geometric distribution.
Furthermore, we showed that a scale-free network is
generated by the threshold model whose weight distribution
is the geometric distribution.

Next, we developed a network analysis and drawing
system. The system contains a module which analyzes
many properties of a large-scale network, a module which
draws an easily viewable network, and a module which
executes simulations on a network such as a virus spreading.
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LT, 2O Y A A ZUFHPHD O 7 v —=v 712K
L. INoHAMECHRIL L RENPRR D 2 L2
ML E Lk, 7 2O PHD 2 WHE %3 L HIF-1 %
WA 325 LHIE X PRI ®E 2R L Lz, C
N DRTRED 6 . RIS 3 PRI R I B4 L
TVLLIHEPWRBEINE L, Fonmiix, FHEREAN
DIGHARHEBMOBIICEN S EEZT0uET,

HIER OBEFEICH 1T BProtein disulfide
isomerase (PDI)DXEBERR

S [ ko 1

B R VE Y D—2TH % Bisphenol A(BpA) 1x. 77
AFy 7 EICEHEENSLEWETY, BpA 2R T v
MG 92L, ZHOENELHEEDHRWIFPEEN
TRBIEPHSLERD L, ZOHEKNZ BT %
7. 7 v M6 BpAKi&ar s vV E & LT, Protein
disulfide isomerase (PDI) 28[Fl%E 41 ¥ L 7z, PDI 1% ~
N7BEIZX LT S-S #itr D2 MBS 277 F> v <n
v & LT OB MR DTS &\ CHEE 2 HHR IR A
VEY T3 ERET I EPHELERS>TE D, Hlikah
PEEBORRICE W TEETH LI ENEZONET, 22
T PR ORI B 1) 5 PDI OBSREMAT 2 HIv & L.
t bt IC & 1 5 PDI oM BAEHIRTF O E X O,
77V A AN TNEOEFEEBEICE T 2 PDI O
BEDOME 217w % L, b M lEEfliidic & 17 2 PDI O
HAEHR T DMkl & L T translation elongation factor 1By
% TOF-MS ICXDHEL £ L7, . FEBRICEY

T7 7 VAV AHTINVIRE BpABE T 2 2 LI & b gk
TERIHIZE WTPDL ¥ v R 7 HOFBEENNHEA LT3
FEWSPIZLE L, BpAIRT 7Y A Y XA VRIS
BOTHBHEROBRAET 25 ST L6, MiE
BRIAIZ B 2 BpA D2 PDI DIE N 72 BS503R 18 X
nE L7,

BIFRAEDO2 Y NV EBERBEILTD
PERERRAR

3G 1 & N S 1

Thermococcus kodakaraensis 1% 60°CH> & 100°CTHE
R EAE TH B, ZOEFIREGEEIZFEEICET
ZERERE & Thie S 5 L JEFICIE G, T AEIT LD
WERREICIZFAEY T, KR RNZS Y v Xu Vil
BT OFEIHS IR > T 0D, RHFZETIEIAVIRE
P TOETICEERL L EZ 515 T. kodakaraensis 1%
DTy RuvItEHL, 2RS0T 2iT>7, 22X
TCERRWKENER Y T A Y VT L D AFIRED TR
Py v Ro =¥ CpkA OFEBIL, EFRICfEVLY v X1
= CpkB OFBEIIENMNT 5 2 £ 2RIl RT-PCR
B TOBGERRNTD 5. cpkB IFREERED R ICfE- 7
mRNA DI AEZ T E 720 —F5 T cpkA TlE mRNA
DO ED S, cpkA FFREH L~V T, cpkB 1%
BHEL OV THBHfi SN Tws EE2 N, £/ T
kodakaraensis \CAFET 220D 7L 7 AT 4 ¥ DE
ZHEDIZT 270, MBLZROHTZ AT, Tk1005
MO Th0643 2 i< ICHEH L, Tk1121 O Tk1122 122
TR ZITH, Z2NENez a2 b 7974 —1kD
KL 7o, RS VR VE R 7 VBRI OB
FEEMFIORZ T2 L. WINOEAKRICE LT
EZERR T2 2 L TE T
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RAFERRRRUHKBREAZEFREARE
kRt 1 ORE B R

P17 AE 1L H2 Hy REHREDTIFRICED, Ab
A BERlo =g 15 4 LR 10 4% &85t 25 4
& IR ZEINEER D> & 54 10 312 & 2 K H A K BL3E IR
ARt DORIANFETT 2 3l itz S8 T»i &£ L,
KAAAEEER I, 2005 4 10 H 1 FAICKAARBEE & 3Kk
BN ISR o TH LAY — b LSt TH D, BN
GBOEFENZREFT 2 RED—DTY, /. ThFHE
WA TH BRI EE L, AR O kS < Hilk
L., ECHEELDLDTT,

F TSR Tl B3\ SR I RN S L, RS
ORI E Ak ) EHOMEICOVLTHPE TV ALEE X
L 7o RKHARMRKBER L, T 7 e fififii z 7 D A < haxic
HMkT %) THEHERFKET 2S2 18T 2 THIERBRERIC
HHAT 2, &I HAD TICH S NAeE KL SIS %2 1
HLET, 2 LT, mHTEd - 5z W L outseh s
IKHEA TV ET, F/o, AR DORILIC DOV THHR T
WEEEELEFEEMEFEO 7R 2L VWIDIF A7 —
=v 7. KRR, BREBRO =202 Ty 7hHH Y.
Hb¥ D E10EDELDPDPZEESbNE L, Bzl
L, A0 BUTHDALE D R & BAAE L2 Lk
Ko T, F2030% FFEMICE) Fry 7LTLZE
IZI)TYT, —DDOHEEELZDIZ, —DDANEZEZ2IT 2T
o0 Ww) 2 iz, flEEL VW) HEDHEAZKL
F L7, IORBER, Aoy -7y & LULED
ZAFIC & 2 ZAAICE M %2 E O CHFZERI I A T
WELIEDBHZTILEEE L,

RAIHFFEHERS S o MBE R R X 0 BRIl E X Ot
FRICEE L LWEEHICOWTOEMZEELE L, £9
MREEVI DIE, T—vE2HTTHEA, RETE 2505k
ERNDPBETH ) EOHPIEEAAFVIED E XD,
TV T—ard N EEATHL I LA LN
FL, £/, BIEELE VI DIEFETE L 72 & 912 & TH R
D30 B T ot AR~ DR
EFR—arvEERIE 5. MHA v N L Dl
D7 DI BETH D . IR E 2721 TIE S A
THHELESL2ONFE L IS5 MIET B>
T DEMINER L HEFED SR 5D & § % D THRGEI I
HATHDEMmHAINE L, BkBEOFHI>VWTIX, A2
BRh T —ZR R LEA, ZThE) TRETE
UL, FITTEDRLE W) LI ETHBNZIERL F L7,

BiEDHb 2 L BT O 2 RN L Tk X E F
L7e HODHEBL T LD L) A7 —uaskE L, 2
BOMEELDHS BWHTIRZEERER-2) T 3L
PHHFLATLE, LaL, AP ME OB L T
WREBMER EEZFAT L. TOMESE THHITIC
KL 6N Lo 7 TT, TFREFORICIELED L. &
AL Z I EEZ LT ORICHIRNTL 72,

SRlD, WFZEAEIIIE. SRRYBECHEY: LUtk s 210
ICEDTRESEZICRDE L, NS IEHTOAKD
EYarzLlon)bo TSI AT E W E-WE
T

RIS D F LA, IO, IO EN, T8
IZEEHH L T 7 72 7oK BRI 2 1 0 K BRI
FrofErk, 2 LT oMz iEEL CoulkiZuik
Bl X D IEHh L FT,
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