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Dye-sensitized solar cells (DSSCs) have attracted significant Scheme 1. Synthetic Strategy used for the Squaraine Dye
attention as low-cost alternatives to conventional solid-state pho- o p~/ o
tovoltaic devices2 In these cells, the most successful charge- )jC o A
transfer sensitizers employed are ruthenium polypyridyl complexes, ©\)§7 © 2 07N O _ /o teoniEon
yielding 9-11% solar-to-electric power conversion efficiencies f N New/EoH 5 3

under AM 1.5% The majority of the ruthenium complexes reported 0
to date show absorption in the visible region at around 535 nm. Ho)k©\)§7 o
Nv e ,‘B 17

O
Essential for efficient conversion of solar energy by DSSC is the ° A \ Q N
. . .. 5 CgHy7 Q / =
spectral match of the sensitizer absorption to the solar radiation, O _/ ToH A O
. . . . N benzene / n-butanol N o-
and in this regard, the ruthenium complexes are inadequate. J) 4 P OH
6 o

Therefore, development of sensitizers with extended absorption and
spectral sensitivity into the infrared region is essential. Squaraines . ) . .
are well-known for their intense absorption in the red/near-IR those seen in the corresponding solution spectrum but exhibits a

regions, and for that reason, they are an excellent option to exploreS“ght re_d shift of 15 nm due_to the mFeractlon O_f the ancho_rlng
for solar cell applications. group WIth the surface (see Figure S2 in Supporting !nformatlt_)n_).
Various groups have tested squaraines as sensitizers on wide band CYCliC voltammetry measurements were performed in acetonitrile
gap oxide semiconductors and obtained rather low power conversionSution with 0.1 M tetrabutylammonium tetrafluoroborate using
efficienciest~1° The reported low efficiencies of squaraines are due fer_roc&_ane as |nternal_ standard _at 0.69 Vivs NHE' The squaraine
to aggregation and lack of directionality in the excited statéhere oxidation and reduction potent|a|s were ob.tamecEgii = 0.98
are several basic requirements guiding the molecular engineering®d ~0-78 V vs NHE, respectively. The optical transition energy
of an efficient sensitizer. The excited-state redox potential should EC"0 of the squaraine _sensmzer Isat1.92eV, Y'_e'd'T‘g an ex_cned-
match the energy of the conduction band edge of the oxide. Light state reduction potential 6£0.94 V Vs NHE_’ which 1S negative
excitation should be associated with vectorial electron flow from €nough to allow electron transfer into the Fitbnduction band?
the light-harvesting moiety of the sensitizer toward the semiconduc- To gain insight into the nature of the excited states of the

tor surface, providing for efficient electron transfer from the excited §quaraine dye, we performed DFT/TDDFT calculations on a model

dye to the TiQ conduction band. Finally, a strong conjugation in vyhi_ch th'e octyl sub_stituents have been replaced by methyls and
across the chromophore and anchoring groups is required foragoooOpt'm'md |t§ geomgtrlgal structure.followed by calcullatlon of the
electronic coupling between the lowest unoccupied orbital (LUMO) 10West vertical excitations. In doing so, we consideredca
of the dye and the Ti©@conduction band. In order to satisfy these symmet_ry and used t_he BPWO1 functional and a 6-311g* _ba5|s
essential requirements, we have designed and developed a nove?et’ as implemented in the GO3 program package. Inspection of

asymmetrical squaraine sensitizer that has a carboxylic acid groupt"® elegtronlic slt.ructuLe of rt]he src]quarainehﬂyehrevealed that the
directly attached to the chromophore. In this paper, we report on HOMO is delocalized throughout the dye, while the HOMO-1, 0.23

the synthesis, electronic, and photovoltaic properties of the squaraineev below the HOMO, s entirely localized within the squaraine

sensitizer. Scheme 1 shows the synthetic strategy used to obtairfC"®: Poth orbitals belonging to the dyeframework (Figure 1).
squaraine sensitizer (see Supporting Information for synthetic The LUMO, 1.32 eV above the HOMO, is orbital delocalized

details). The UV/vis absorption spectrum (see Figure S1 in throughout the dye, with sizable contributions arising from the

Supporting Information) of the squaraine sensitizer in ethanol shows carboxylic group, \_Nh'le the I_‘UMQL calculated _1'13 ev gbove
an absorption maximum at 636 nm with high molar extinction the LUMO, is entirely localized in the dye portion bearing the
coefficient ¢ = 158 500 dri mol- cm2) corresponding tar—x* carl_)oxyllc s.ubstltuent. Egplted-state TDDFT calculathns predict
charge-transfer (CT) transitions. When the squaraine sensitizer isan isolated |nten§e transition at 596 nfr<( 1'30_1)’ that is, only .
excited within the CT absorption band at room temperature in an 0'13_ ev blue_-shlfted_ _compare_d to the experimental absorption
air-equilibrated ethanol solution, it exhibits a strong luminescence MaXimum. This transition is mainly composed by HOMOUMO
maximum at 659 nm. The absorption spectrum of the squaraine @"d HOMO-LUMO+1 excitations, the former being the dominant
sensitizer adsorbed on g#n TiO, film shows features similar to contribution, thus giving rise to ‘f" charge flow f_rom the_ squaralm_a
T Swies Federal Inettire of Techmor core tq the outer molecular region. Thg resulting excited state is
* Swiss Federal Laboratories for Matg??'als Testing and Research. potentially strqngly CQuplec_i to the Semlqonducmr SL_m‘ace, due _to
8|STM-CNR, Perugia. charge delocalization involving the anchoring carboxylic group. This

10320 = J. AM. CHEM. SOC. 2007, 129, 10320—10321 10.1021/ja0731470 CCC: $37.00 © 2007 American Chemical Society
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conjugateds-system of the dye and provides strong electronic
coupling to the conduction band of TiOSecond, the asymmetry
created by the octyl chain prevents surface aggregation and limits
self-quenching of the excited state. To the best of our knowledge,
these results represent a major breakthrough in the design and
development of squaraine-based sensitizers.

In order to see the impact of high molar extinction coefficient
of the squaraine sensitizer on photovoltaic properties, we have
fabricated solar cells using transparent Tiembranes of various
thicknesses. The photocurrent increased with the thickness of the
TiO, nanocrystalline layer. On the other hand, the photovoltage

J\»‘u decreased with increasing thickness. Despite the very narrow
absorption band of the squaraine sensitizer, devices using a 2.5
CHARGE DENSITY DIFFERENCE um thin TiO; layer yielded remarkably high photocurrent and IPCE
Figure 1. dTngoiftgﬂqeniggr péoéefﬂsﬁeﬁ?ft::‘e nngglsggllvifer?fttr’]iéaéic?t‘;éh(‘;%of 8.20 mA/cn? and 80%, respectively, which we have attributed
i%a?r:rc]iegr);und state; thegyellow (zvhlte) color indicates an increase to .th(_a h_|gh molar (_extmctlon (.:OGﬁIC'ent of the dy?' Further
(decrease) of charge density in a given molecular region. optimization was achieved by using 10 mM concentration of cheno
as coadsorbing additive (see Table S1 in Supporting Information).

F14

HOMO LUMO LUMO~I

HOMO-I

I'jj\;\&w-&b\{ﬁ

— ] SUN

10+

oo
n

IPCE (%)
sgzgae

R

s

Wavelength (nm)

Current (mA/cmz)

e « «dark
03 04
Voltage (V)
Figure 2. Photocurrent action spectrum (inset) and curremitage
characteristics of the squaraine dye obtained with a nanocrystalling TiO
film supported onto a conducting glass sheet and derivatized with a

monolayer of squaraine dyes in the presence of chenodeoxycholic acid. A
sandwich-type cell configuration was used to measure the spectrum.
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factor, together with the high dye molar extinction coefficient, is
probably responsible of the high photocurrent and overall photo-
voltaic efficiency measured experimentally; see below.

The screen-printed double layer Ti@m consisting of a 10
um transparent layer and adn scattering layer was prepared and
treated with 0.05 M titanium tetrachloride solution using a pre-
viously reported procedur€=3 The films were heated to 50 in
air and sintered for 20 min before use. Dye solutions were prepared
in the concentration range of & 104 M solution in ethanol
containing 1, 10, and 60 mM 3a,7a-dihydroxy-5b-cholic acid
(cheno) as an additive. The electrodes were dipped into the dye
solution fa 4 h at 22°C, and the dye-coated electrodes were rinsed
quickly with ethanol and used as such for photovoltaic measure-
ments. The fabrication procedure for solar cells, the testing condi-
tions, and the equipment used were reported in a previous tvork.

Figure 2 shows the photocurrent action spectrum obtained with
a sandwich cell. The incident monochromatic photon-to-current
conversion efficiency (IPCE) plotted as a function of excitation
wavelength shows 85% efficiency. Under standard global AM 1.5
solar condition, the squaraine-sensitized cell gave a short circuit
photocurrent densitjs. of 10.504 0.20 mA/cn#, an open circuit
voltage of 603+ 30 mV, and a fill factor (ff) of 0.71+ 0.03,
corresponding to an overall conversion efficiengyf 4.5%, as
derived from the equation = jsc x Ve x ff (Figure 2). The high
efficiency of the squaraine sensitizer is attributed to the particular
molecular design. First, the carboxylic acid group is part of the

In conclusion, we have demonstrated that selective functional-
ization of squaraine sensitizer yielded very high incident mono-
chromatic photon-to-current conversion and 4.50% power conver-
sion efficiency under one sun. Our data demonstrate that creating
directionality and inhibiting self-quenching of the excited state of
the sensitizer are the key for unprecedented efficiency of squaraines.
This should spark a broad spectrum of interest in the field of organic
sensitizers useful for photovoltaic windows that transmit part of
the visible light.
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