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Co-sensitization of two or more dyes with complementary absorption spectra on a semiconductor film
is an effective approach to enhance the performance of a dye-sensitized solar cell (DSSC). Porphyrin
sensitizer YD2-0C8 showed outstanding photovoltaic performance co-sensitized with an organic dye to
cover the entire visible spectral region, 400-700 nm. To promote the light-harvesting capability beyond
700 nm, a porphyrin dimer (YDD6) was synthesized for a co-sensitized system. We report a systematic
approach for engineering of molecular co-sensitization of TiO, films in a cocktail solution containing
YD2-0C8, an organic dye (CD4) and YDD6 in a specific molar ratio to optimize the photovoltaic
performance of the device. The resulting device showed panchromatic spectral features in the IPCE
action spectrum in the region 400-700 nm attaining efficiencies of 75-80%; the spectrum is extended to
the near-IR region attaining 40-45% in 700-800 nm region, giving Jso/mA cm 2 = 19.28, Voc/mV =
753, FF = 0.719, and n = 10.4% under standard AM 1.5 G one-sun irradiation. This performance is
superior to what is obtained from the individual single-dye devices and the two-dye co-sensitized
systems. The shifts of TiO, potential upon dye uptake and the kinetics of charge recombination were
examined through measurements of the charge extraction (CE) and intensity-modulated photovoltage
spectroscopy (IMVS), respectively. Five co-sensitized systems were investigated to demonstrate that
suppression of dye aggregation of YDD6 in the co-sensitized film is a key factor to further improve the
device performance.
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Broader context

investigated and discussed.

Co-sensitization of two or more spectrally complementary dyes on TiO, film is an effective approach to enhance the light-harvesting
ability for dye-sensitized solar cells (DSSC). Recent report on device performance reaching PCE = 12.3% was based on a co-
sensitization system composed of a push—pull porphyrin (YD2-0C8) and an organic dye (Y123) using cobalt-based electrolyte.
However, the YD2-0C8/Y 123 co-sensitized system harvested solar energy only in the visible spectral region (400—700 nm), leaving
rooms for further performance improvement on light harvesting toward the near-IR region. Here, we designed and synthesized a
promising near-IR dye, YDD6, a porphyrin dimer that features a broad absorption spectrum extending to 800 nm. However, YDD6
suffers from dye aggregation due to its co-planar structural nature. To solve the aggregation problem for YDDG6, we applied a
cocktail co-sensitization approach for YDD6 to co-sensitize with YD2-0C8 and an organic dye (CD4). The three-dye co-sensitized
device exhibited a remarkable enhancement on overall cell performance, in particular with high Jsc, due to a significant
improvement of light harvesting in the near-IR region. Five co-sensitized systems according to this promising cocktail approach were
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Introduction

The increasing demand of sustainable and renewable energy
resources has attracted much attention to the development of
photovoltaic devices. Whereas silicon-based solar cells require
costly production, dye-sensitized solar cells (DSSC) are prom-
ising candidates as photovoltaic devices for their advantages of
small cost, small mass, coloration and ease of processing.!?
Photosensitizers such as ruthenium complexes,' zinc porphy-
rins®® and metal-free organic dyes®*® serve as efficient light
harvesters for DSSC. Advances in co-sensitization of a push—pull
zinc porphyrin (YD2-0C8) with an organic dye using a cobalt-
based electrolyte boosted the cell performance to n = 12.3%,'*
stimulating investigation of the development of new porphyrin
sensitizers to improve device performance of DSSCs.

The key structural feature of YD2-0C8 involves long alkoxyl
chains in the ortho-positions of the meso-phenyls so as to enve-
lope effectively the porphyrin ring to decrease the degree of dye
aggregation and to block the approach of the electrolyte to
the TiO, electrode.'*"” Although the absorption spectrum of
YD2-0C8 covers almost the entire visible spectral region, 400—
700 nm, the lack of light-harvesting ability beyond 700 nm (near-
IR) limits the efficiency of power conversion (PCE) of the device.
One strategy to extend the light-harvesting capability of a
porphyrin toward the near-IR region is to couple two porphyrin
macrocycles through an ethynyl linker, for which the spectra of
incident photon-to-current conversion efficiency (IPCE) of the
diporphyrin systems were extended to 850 nm.'®' The IPCE
values of the diporphyrin (YDDO0) device were too small,
however, to enhance the photocurrent; the performance of this
cell was poorer than for its monoporphyrin ref. 18. This poor
performance might be due to its nearly coplanar structure that
facilitates the formation of dye aggregates that decrease signifi-
cantly the efficiency of electron injection.

To diminish the extent of dye aggregation from a modification
based on the molecular structure of YDDO, in the present work
we designed a porphyrin dimer, YDD6 (Fig. 1), for which eight
tert-butyl side chains in YDDO are replaced with eight ortho-
substituted isoamyloxy chains and the meso-phenyl opposite to
the anchoring group is replaced by a diarylamino group, similar
to the molecular design for YD2-oC8 but with the YDDO
diporphyrin core as a light-harvesting center. As such a molec-
ular design failed to solve the aggregation problem for YDD6
(see below), a plausible solution was to resort to co-sensitization.

Co-sensitization of multiple dyes with complementary
absorption spectra on a semiconductor film is an effective
approach to enhance the light-harvesting property of a DSSC.?°
Many co-sensitization systems are reported to show enhanced
photovoltaic performance relative to their individual single-dye
systems, which include systems of two or three metal-free organic
dyes,*? a black dye co-sensitized with an organic dye,?-*
phthalocyanine co-sensitized with an organic dye,>” porphyrin
co-sensitized with an organic dye,"**3° two mixed porphyrin
dyes,*' and dye co-sensitization in separate layers.?*** Robertson
stated? that the key aspect in molecular co-sensitization is the
molar absorption coefficient (¢) of the dye—co-sensitization with
strongly absorbing dyes would give sufficient space on the
surface of TiO, to allow absorption of other dyes with a
complementary absorption spectrum; this aspect has been
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Fig. 1 Absorption spectra of CD4 (red), YD2-0C8 (olive) and YDD6

(blue) in tetrahydrofuran (THF) solution. The corresponding molecular
structures are indicated.

examined in the present work based on co-sensitization of a
three-dye system with a TiO, electrode fabricated from immer-
sion in a solution containing YDD6, YD2-0C8 and an organic
dye (CD4).*®

Results and discussion

Fig. 1 shows the molecular structures of the three dyes and the
corresponding absorption spectra in THF; details of the
syntheses of YD2-0C8 and CD4 are published elsewhere'#3*
whereas the synthesis, characterization and electrochemical
properties (Fig. S1) of YDDG6 are given in the ESI.T Because of
the strong coupling between the two porphyrin moieties, the
absorption spectrum of YDD6 exhibits a broad split feature for
the Soret band (380-550 nm) with a sharp and intense maximum
at 491 nm (log ¢M~' em™' = 5.51); the Q-band absorption
comprises a broad feature covering the range 550-800 nm with a
maximum at 741 nm (log /M ' cm™! = 4.94). The Q band of
YDD6 features an intensity of absorption comparable to those of
zinc phthalocyanine sensitizers reported for many co-sensitiza-
tion systems®*~27 but with the tail of spectral absorption extend-
ing to the near-IR region (~800 nm). Together with YD2-0C8
and CD4, co-sensitization of these three dyes on the surface of
TiO; exhibits a panchromatic feature to harvest sunlight in the
spectral region 350-800 nm.

DSSC devices were separately fabricated with three individual
dyes and with their co-sensitized mixtures adsorbed on TiO,
films (Fig. S27), repeated three times using identical working
electrodes and a conventional iodide/triiodide -electrolyte
according to the procedures reported elsewhere;'**° the raw data
for each J-V measurement are summarized in Table S1, ESL;}
the corresponding averaged photovoltaic parameters are
summarized in Table 1. Fig. 2a and b show the current-voltage
characteristics (working electrode « in Table S1, ESIT) and the
corresponding IPCE action spectra, respectively, for devices
made of YD2-0C8, CD4, YDD6 and their best co-sensitized
composition (labeled D, details follow). Integrating the IPCE of
device D (working electrode @) over the AM 1.5G solar spectrum
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Table 1 Duration of electrode immersion for dye uptake (#), amount of dye loading (DL), and optimized photovoltaic parameters of DSSC fabricated
with YDD6, CD4, YD2-0C8 and their co-sensitized mixtures labeled A—E on TiO, films of thickness (12 + 9) pm under simulated AM 1.5G illumination
(power 100 mW cm™2) and active area 0.16 cm>

2

Device composition” t/min DL¢nmol cm™ Jsc/mA cm ™2 Voc/mV FF 7 (%)

YD2-0C8 80 143 16.60 & 0.29 758 + 3 0.710 = 0.016 8.8 £ 0.1
CD4 120 238 16.52 4+ 0.211 734 + 7 0.735 £ 0.030 58 +£0.2
YDD6 180 76 9.66 + 0.84 671 £ 2 0.724 £ 0.602 4.7 +0.2
A: 0/5/1 120 0/220/15 15.81 £ 0.36 708 £ 3 0.729 4+ 0.022 8.2+ 0.1
B: 20/0/1 80 118/0/9 18.38 4+ 0.26 743 + 4 0.701 4 0.008 9.6 +£ 0.0
C: 20/5/0 80 123/45/0 16.91 £ 0.25 760 + 7 0.717 £ 0.020 9.2 +0.1
D: 20/5/1 80 115/42/5 19.28 + 1.21 753+ 4 0.719 4+ 0.020 104 £ 0.6
E: 20/5/2 80 103/35/10 18.04 £ 0.47 744 + 9 0.720 £ 0.020 9.6 0.2

“ The photovoltaic parameters are averaged values obtained from analysis of the J-V curves of three identical working electrodes for each device
fabricated and characterized under the same experimental conditions; the raw data of each J-J measurement are summarized in Table S1, ESI; the
uncertainties represent two standard deviations of the measurements. ® The molar ratios indicated as YD2-0C8/CD4/YDD6 are mixtures of initial
dye solutions before co-sensitization; for systems containing YD2-0CS8, the initial solutions comprise [CDCA] = 0.5 mM, [YD2-0C8] = 0.1 mM and
other species according to the ratios with respect to [YD2-0C8] for mixtures B-E; for CD4, [CDCA] = 0.3 mM and [CD4] = 0.1 mM; for YDD6,
[CDCA] = 0.15 mM and [YDD6] = 0.03 mM; for mixture A, [CDCA] = [CD4] = 0.15 mM and [YDD6] = 0.03 mM. ¢ The amounts of dye-
loading, indicated as YD2-oC8/CD4/YDD6 for devices A-E, were determined from the desorption of dye molecules on immersion of sensitized

TiO; electrodes in a basic solution (0.1 M tetrabutylammonium hydroxide in methanol) and the calibrated absorption spectra of each dye.
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Fig. 2 Optimized photovoltaic properties: (a) current-voltage charac-
teristics and (b) corresponding IPCE action spectra of devices made of
YD2-0C8, CD4, YDD6, and the triple mixture (device D) in an opti-
mized ratio with the same fabricated TiO, films (12 + 9 pm) under one-
sun AM 1.5G irradiation. The device performances of each dye compo-
sition were measured based on three identical working electrodes (labeled
a—c, Table S17), but only the results of device a are displayed in the plots.

yields a calculated short-circuit photocurrent density
(Jso/mA cm™> = 18.14) slightly less than, but within experi-
mental uncertainties of, that obtained from a J-V7 measurement
(Js¢/mA cm™> = 18.81) using a calibrated solar simulator
(standard solar spectrum and the integrated values for other
devices are given in Fig. S3, ESI¥).

The photovoltaic results display a clear trend with the PCE
showing the order YD2-0C8 (n = 8.8%) > CD4 (n = 5.8%) >
YDD6 (n = 4.7%) for the individual single-dye sensitized devices.
The tail of the IPCE spectrum of YDDG6 extends much beyond
950 nm, but the overall efficiencies in the region 400-800 nm were
too small to provide an advance on photocurrents. When,
however, YDD6 was co-sensitized with CD4 and YD2-0C8 on a
TiO, film with a dye-loading molar ratio YD2-0C8/CD4/
YDD6 = 115/42/5 (device D), the overall IPCE values in the 400—
700 nm region increased significantly from ~35% to approaching
80%, mimicking the IPCE spectrum of device YD2-0C8 in
that spectral region. Furthermore, the IPCE spectrum of the
co-sensitized device D includes the near-IR portion, region

700-800 nm, with a maximum at 760 nm attaining ~45%. As a
result, device D features Jsc (19.28 mA cm2) superior to that of
YD2-0C8 (16.60 mA cm™2), an excellent open-circuit voltage
(Voc = 753 mV), similar to that of YD2-0C8 (758 mV), and a
satisfactory fill factor (FF = 0.719), increasing the overall PCE to
10.4%, which is 18%, 79% and 121% greater than those of the
devices made of individual dyes YD2-0C8, CD4 and YDD6,
respectively.

The great performance of device D was an outcome of
molecular engineering through systematic co-sensitization of two
or three dyes on TiO, films in solutions containing each dye at
varied molar ratios. To determine the molar ratio of co-sensiti-
zation for performance optimization, we investigated five
co-sensitized devices, labeled A-E. Device A contained only CD4
and YDD®6 in ratio 5/1, device B contained only YD2-0C8 and
YDDG6 in ratio 20/1, device C contained only YD2-0C8 and CD4
in ratio 20/5, and devices D and E contained all three dyes in
ratios 20/5/1 and 20/5/2 of YD2-0C8/CD4/YDD®6, respectively.
These molar ratios for devices A—E are the recipes for mixtures of
the initial dye solutions before co-sensitization. After dye
co-sensitization, the amounts of dye-loading (DL) of each dye
determined by dye desorption in a basic solution are summarized
in the third column of Table 1.

Fig. 3a and b show absorption spectra of the dye-sensitized
TiO; films in the Soret- and Q-band regions, respectively; these
thin-film samples were prepared on immersion of the transparent
TiO; electrodes (no scattering layers) in dye solutions the same as
prepared for the optimized devices. For the absorbance in the
400-500 nm region (Fig. 3a), a systematic trend appears with the
order E>D > YD2-0C8 ~B ~C > A > YDD6 ~CD4. The weak
absorption of film A (mixture of CD4 and YDD®) in the Soret-
band region is due to the small amount of YDD6 adsorbed on
TiO,; the stronger absorptions for film B (mixture of YD2-0C8
and YDD6) and film C (mixture of YD2-0C8 and CD4) are due
to the large amounts of YD2-0C8 adsorbed on TiO,, as both
reflected by the data of DL shown in Table 1. For the three-dye
systems D and E, the small portions of YDD6 co-sensitized on
the TiO, films have significantly enhanced the Soret-band

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Absorption spectra of co-sensitized mixtures A-E adsorbed on
(a) ~2 um TiO, films (one NP layer with immersion period ~15 min) to
show the Soret-band feature and (b) ~12 um TiO, films (two NP and two
NR layers with varied immersion periods as shown in Table 1 for opti-
mized devices) to show the Q-band feature. The co-sensitized ratios
labeled as YD2-0C8/CD4/YDD6 are the corresponding molar ratios of
the three dyes in the solutions for dye uptake on TiO, films.

absorption of YD2-0C8 with the absorbance of film E being
much greater than the absorbance of film D. The characteristic
absorption maxima of YD2-oC8 at 580 nm and 640 nm are
almost identical for films B-E (Fig. 3a), manifesting the effect of
the strong perturbation to enhance the absorption in the Soret
band of YD2-0C8 (400-500 nm) with only a little YDD6 in a
three-dye co-sensitization system.

The absorption spectra of the sensitized films in the region
700-800 nm (Fig. 3b) that involve only the Q-band absorptions
of YDD6 show a systematic trend of absorbance with order
YDD6>A>E>B>D>C~ YD2-0C8 ~ CD4 ~ 0, consistent
with the corresponding DL that show the same order. The
absorption of the YDDG6 film decreases greatly from 750 nm to
800 nm with only a tiny absorption tail beyond 800 nm. The
IPCE spectrum of the YDD6 device features a long tail from 800
nm broadly extending to ~960 nm (Fig. 2b). The YDD6 aggre-
gates were formed in a single-dye device to produce individuals in
the 800-960 nm region, but their absorption features on TiO,
films were difficult to determine because of the effect of scattered
light from the solid films in that spectral region. In the following,

we discuss the photovoltaic and kinetic effects of co-sensitization
of optimized devices A-E based on results obtained from JV
characterizations and measurements of IPCE action spectra,
charge extraction (CE) and intensity-modulated photovoltage
spectra (IMVS). For clarity, the corresponding results are dis-
cussed separately: the results of devices A and B are shown in
Fig. 4 and results of devices C-E are shown in Fig. 5.

For device A, the photoanode was prepared in a solution
containing only CD4 and YDD6 at molar ratio 5/1, which was
the best ratio according to the photovoltaic performances of the
devices prepared from solutions with varied CD4/YDD6 molar
ratios (Fig. S4, ESIT). The performance of device A was opti-
mized to give n = 8.2%, which is significantly greater than that of
the single-dye device: 5.8% for CD4 or 4.7% for YDD4. The
IPCE spectrum of device A exhibits a smooth, YDD6-based
spectral feature with the efficiencies smaller than those of device
YD2-0C8 in spectral region 400-700 nm. Because the tail of the
IPCE spectrum of device A extended to 900 nm, we expect that
the aggregation of YDD6 in device A remains a problem that is
unresolved. As shown in Fig. 4b, the plots of V¢ vs. extracted
charge densities (N,) indicate that the TiO, potential of device A
is located between those of YDD6 and CD4; the plots of electron
lifetime (tg) vs. N, reveal that device A suffers from serious
charge recombination between the conduction-band electrons in
TiO; and species I3 in the electrolyte. Voc and the IPCE values

—_
)
~
©
o

20
« 480
£
2 ................................ 470
= 15F 460
. ®
%‘ 150 <
£10 -
[0} 440
3 g
€ 430
o
5 5F [—A@n=82%) 12
o —B (7=96%) 10
0 R P S I R . i . L sz 0
0.0 01 02 03 04 05 06 07 400 500 600 700 800 900
Voltage /V Wavelength /nm
(b)
0.8
07k 40.1
>
=
3 °
> 744 o YD2-0oC8 W
o6l ¥// o CD4 .
< YDD6 40.01
4 Device A
v Device B
05 L L L
0 2 4 6 8 8

N, /110" cm’®

Fig.4 (a) Current-voltage characteristics (left) and corresponding IPCE
action spectra (right) of devices A and B; (b) plots of open-circuit voltage
(Voc) vs. extracted charge densities (N,) (left) and of electron lifetimes
(tr) vs. Ne (right) for devices A and B. The corresponding properties of
YD2-0C8, CD4 and YDD6 are shown as dashed curves for comparison.
The device performances of each dye composition were measured based
on three identical working electrodes (labeled a—c, Table S1), but only
the results of device « are displayed in the plots.
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Fig.5 (a) Current-voltage characteristics (left) and corresponding IPCE
action spectra (right) of devices C-E; (b) plots of Voc vs. N, (left) and of
TR V8. N, (right) for devices C-E. The corresponding properties of YD2-
0C8, CD4 and YDD6 are shown as dashed curves for comparison. The
device performances of each dye composition were measured based on
three identical working electrodes (labeled a—c, Table S17), but only the
results of device a are displayed in the plots.

of device A are consequently between those of their individual
single-dye devices. Further promotion of the device performance
for the co-sensitization system thus relies on the involvement of
YD2-0C8 discussed in the following.

We first consider device B containing only YD2-oC8 and
YDDG6 prepared in a solution of molar ratio 20/1 (Fig. 4a). The
performance of device B was again optimized to give n = 9.6%,
which is greater than that for device YD2-0C8 (n = 8.8%)
because Jsc is greater for the former than for the latter. The
IPCE spectrum of device B displays additional photocurrent
responses in region 700-800 nm with maximum efficiency 53% at
750 nm, but the responses in region 400-700 nm are slightly less
than those of the YD2-0C8 device. The shoulder of the IPCE
spectrum of device B features a blue shift of ~25 nm relative to
device A; the edge of the spectral shoulder of B decreases rapidly
to zero at 840 nm, which indicates an effective suppression of dye
aggregation in device B. V¢ of device B is smaller than that of
YD2-0C8 (743 vs. 758 mV), which is understandable according
to the results of plots of Voc vs. N, (similar TiO, potentials) and
those of tg vs. N, (charge recombination more rapid for B than
for YD2-0C8) shown in Fig. 4b.

Devices C-E are designed to have the same YD2-0C8/CD4
ratio, 20/5, determined according to the YD2-oC8/Y123
system,™ but with a varied molar ratio of YDD6 in the dye
solutions, designated as 20/5/0 for C, 20/5/1 for D and 20/5/2 for
E. After co-sensitization for 80 min, the amounts of dye-loading
of both YD2-0C8 and CD4 decreased slightly, but those of

YDD6 increased to 5 and 10 nmol cm ™2 for devices D and E,
respectively. Fig. 5a shows the photovoltaic performances of
devices C-E, giving the order PCE and Jso/mA cm 2 as D
(10.4%, 19.28) > E (9.6%, 18.04) > C (9.2%, 16.91) > YD2-0C8
(8.8%, 16.60). The IPCE spectrum of device C shows a flat
feature filling the small dip between the Soret- and Q-bands
originally existing in the spectrum of device YD2-0C8; such a
co-sensitization effect is similar to that reported for the YD2-
0C8/Y123 system. For device D, the IPCE spectrum exhibits
not only a spectral feature identical to that of device C in region
400-700 nm, but also additional photocurrent response in region
700-800 nm as discussed previously. For device E with double
DL of YDD®6 relative to device D, the IPCE responses in region
700-800 nm significantly increased to attain a maximum effi-
ciency of ~60% at 750 nm, but the current responses in the 400—
700 nm region also decreased by ~10% on average, overall
making the Jsc of device E smaller than Jsc of device D. The
IPCE spectral shoulder of device E is red shifted by ~15 nm with
respect to that of device D; the spectral edge of device E is
extended to ~900 nm, indicative of dye aggregation of YDDG6 in
device E as discussed above.

Voc/mV also displays a systematic trend for devices in the
order: C (760) > YD2-0C8 (758) > D (753) > E (744). The trend
of variation of Vo demonstrates the compromises between the
shifts of TiO, potentials and the retardation of charge recombi-
nation shown in Fig. 5b. The upward shifts of potential upon dye
uptake show small variations with the order D > E > C > YD2-
0C8, but the retardation of charge recombination reflected by tg
shows an almost opposite trend YD2-0C8 > C > D > E. A
greater DL of YDD6 involved in device E hence does not help to
up-shift the TiO, potential, but it increases the rate of charge
recombination to give a smaller V¢ than the others.

The long-term stability of the porphyrin-based co-sensitization
systems was found to remain stable after 500 h,** and perfor-
mance degradation was only 10-15% in the first 300 h at a low-
temperature condition (25-30 °C).**3° However, the thermal
stability for the devices involving porphyrin sensitizers was
always a crucial problem to be resolved. Recent investigation
using 8-hydroxylquinoline to replace the conventional benzoic
acid as an anchoring group for porphyrin-sensitized solar cells
showed excellent stability against solvent desorption.* Work is
underway to improve the long-term stability for the promising
co-sensitization systems reported in the present study.

Conclusions

We have developed a simple co-sensitization approach for
molecular engineering of the TiO, electrodes in a cocktail solu-
tion containing three spectrally complementary dyes, a
porphyrin dye (YD2-0CS8), an organic dye (CD4) and a
porphyrin dimer (YDD6), in an optimized molar ratio to
enhance the photovoltaic performance of the device. The
objective of such a three-dye co-sensitization is to enhance the
light-harvesting power by having YD2-0C8 and CD4 dyes cover
the entire visible spectral region (400-700 nm) and by incorpo-
rating YDD6 dye to extend the light-harvesting ability toward
the near-IR region. With molar ratios controlled for each dye in
the solutions, the optimized devices show a panchromatic spec-
tral feature in the IPCE action spectra and attain efficiencies
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70-80% and 40-60% in spectral regions 400-700 nm and 700—
800 nm, respectively. The optimized device D had amounts of
dye-loading/nmol cm ™2 of 115 for YD2-0C8, 42 for CD4 and
5 for YDD6 in a TiO, film of thickness (12 + 9) um, giving
Jsc/mA em ™2 = 19.28, Voc/mV = 753, FF = 0.719, and PCE =
10.4% under standard AM 1.5 G one-sun irradiation, which is
superior to what was obtained from their individual single-dye
devices and two-dye co-sensitized systems. The photovoltaic
performances of these co-sensitized devices were understood
through an analysis of their IPCE action spectra, and by the
shifts of TiO, potentials upon dye uptake and the kinetics of
charge recombination examined through measurements of
charge-extraction (CE) and intensity-modulated photovoltage
spectra (IMVS), respectively. The best mixture for device D
achives ~80% IPCE for the best dye YD2-0C8 absorbing in the
400-700 nm region, but only ~45% IPCE for YDD6 in the 700—
800 nm region. The present work indicates that the suppression
of dye aggregation for YDDG6 in the three-dye co-sensitized
system is the key to improve the device performance. With
progress using the approach of co-sensitization reported herein, a
future challenge is to seek other potential near-IR co-sensitizers
with not only a light-harvesting ability extending beyond 8§00 nm
but also less dye aggregation to enhance IPCE above 80%.
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