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Fast Regeneration of CdSe Quantum Dots by Ru Dye in Sensitized TiO, Electrodes
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Interacting properties of colloidal CdSe quantum dots (QDs) and polypyridyl ruthenium dyes employed as
cosensitizers of mesoporous TiO; electrodes as well as the effect of QDs coating and anchoring mode (direct
and linker adsorption) have been investigated by photoluminesce (PL), Raman, and transient absorption (TAS)
spectroscopies. Direct adsorption of QDs on TiO, leads to a more efficient PL quenching compared to that
of QDs attached by means of a molecular linker (cysteine). This fact suggests higher electron injection for
the former anchoring mode. Coating of ZnS on CdSe QDs sensitized TiO, electrodes passivates the QDs
surface states and partially releases quantum confinement effects, as is observed in colloidal core—shell
nanoparticles. Subsequent cosensitization with a ruthenium molecular dye dramatically quenches the PL of
the QDs/TiO, electrodes, even in the presence of ZnS coating, indicating the presence of strong photoinduced
charge transfer between the CdSe QDs and the dye molecules. This is firmly supported by TAS spectroscopy
on the interfacial recombination kinetics that points to the fast hole transfer from the photoexcited QDs to the
dye. The regenerating action of molecular dyes for QD sensitizers can have important implications in the
development of efficient photovoltaic devices based on the synergistic action of dye-QD-TiO, heterostructures.

Introduction

Semiconductor materials constitute the basis of photovoltaic
devices governing the solar energy-to-electricity conversion
field. When these materials are scaled down to the nanometer
range, new and fascinating properties appear, distinctly different
from their bulk counterparts, as a consequence of the effect of
quantum confinement. Yet, some of their bulk properties, which
are key for efficient light-to-energy conversion devices as, for
example, the high extinction coefficient! and the large intrinsic
dipole moment? are preserved at the nanoscale. In addition, the
band gap of semiconductor quantum dots (QDs) can be easily
tuned' by control of their size and shape, providing a fertile
ground for the design of light-absorbing materials with tailored
optical properties.

One of the most attractive configurations to exploit the unique
light-harvesting capability of QDs spanning the whole visible
range is the quantum dot-sensitized solar cell (QDSC),*>> where
QDs substitute the molecular dyes in a cell configuration
analogous to that of dye-sensitized solar cells.® In particular,
colloidal QDs hold great promise as light-absorbing materials
with tailored and well-controlled morphological characteristics
(shape and size) that can be utilized as sensitizers of wide band
gap nanostructured semiconductors (e.g., TiO,, Zn0O).”~'2 Recent
studies have shown that preformed colloidal QDs can be
adsorbed onto TiO, photoelectrodes by linker adsorption (LA),
realized through bifunctional linker molecules,”™'? as well as
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direct adsorption (DA), where QDs dispersed in appropriate
organic media can be successfully tethered onto TiO, without
any mediating linker.”® However, it is important to note that
the exact effect of the adsorption method on the performance
of QDSCs is a topic that only recently has started to be
investigated.!3~ 1>

One of the most striking properties imparted on QDs by
quantum confinement is their highly efficient and tunable
photoluminescence (PL) that together with the low-cost process-
ing of colloidal synthesis'® threads most practical applications
currently pursued for colloidal QDs, ranging from light-emitting
diodes'” to fluorescent labels for biological imaging.'® However,
the utilization of colloidal semiconductor nanocrystals as
sensitizers in QDSCs implies efficient charge transfer to the
wide band gap semiconductor electrode that renders internal
radiative recombination and the concomitant PL emission,
detrimental for such devices. Anchoring of CdSe QDs onto TiO,
leads to significant quenching of their emission,!” due to the
injection of photogenerated electrons into the TiO, conduction
band (CB). In that case, steady state as well as transient PL
measurements can be fruitfully applied to quantify charge
transfer kinetics from QDs of different sizes to TiO,? as well
as to trace the influence of the adsorption method.?! Furthermore,
PL measurements can be used to elucidate the interactions of
QDs with other materials used for cosensitizing or coating
purposes such as molecular dyes and ZnS. In fact, it has been
shown that ZnS coating of CdSe QDs leads to an almost doubled
photocurrent in QDSCs.”??

On the other hand, combination of QDs and molecular dyes
provides a particularly powerful route to create novel composite
heterostructures with enhanced light harvesting ability. In this
sense, colloidal QDs may serve as an excellent component for
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the development of more sophisticated heterostructures such as
supracollector nanocomposites, exploiting the charge transfer
interaction between semiconductor QDs and molecular dyes.
The main purpose is to augment the spectral absorption range
in QDSCs and to reduce the internal recombination of QDs.?*2*
In that case, fast scavenging of photogenerated holes in QD
sensitizers by a molecular dye can outbalance the competition
between electron transfer from QDs to TiO, and the internal
relaxation of the QD excited state, leading to higher electron
injection yields.?>2® Simultaneously, light absorption can be
drastically enhanced over a broad spectral range better matching
the solar irradiance, provided that a suitable combination of QDs
and dye complexes with appropriate charge transfer energetics
is used."

In the present work, the interaction between colloidal CdSe/
ZnS-coated QDs and the polypyridyl ruthenium molecular dye
N719 has been systematically investigated in cosensitized
mesoporous TiO; layers for both modes of attachment (DA and
LA), employing PL emission and resonance Raman measure-
ments. These techniques provide sensitive experimental probes
of the individual components and the underlying interfacial
interactions in the TiO,/QD/dye hybrid system. Specifically,
resonance Raman spectroscopy has been proved to be a powerful
technique to resolve the chemisorption of a single dye monolayer
on nanocrystalline TiO, films and the coordinative interactions
of the individual components in dye-sensitized solar cells?’~%°
as well as optical phonon confinement effects, exciton—phonon
coupling, and interfacial stress in colloidal core—shell QDs.*%!
Moreover, to shed more light on the origin of the QD-dye
coupling, we have investigated the interfacial electron recom-
bination dynamics in the cosensitized TiO, by transient absorp-
tion spectroscopy (TAS). The ensuing results unveil marked
PL quenching upon dye postsensitization of TiO,/QD electrodes
that depends on the specific QDs adsorption mode, revealing
that the dye plays a major role on the regeneration of the photo-
oxidized QDs, which turns into higher electron injection into
TiO,.

Experimental Section

Colloidal CdSe QDs capped with trioctylphosphine (TOP)
were prepared by a solvothermal route that allows size control®?
in a toluene dispersion. Mesoscopic TiO, films approximately
10 um thick were prepared by using a colloidal titania paste
with 20—450 nm TiO, particle size (Dyesol 18NR-AO)
deposited on transparent conducting substrates and sintered at
450 °C for 30 min. Cysteine has been used as a bifunctional
linker in LA adsorption following the procedure reported in ref
11. For DA of QDs onto TiO, surface, solvent substitution is
needed and a CH,Cl, CdSe QDs dispersion was prepared by
centrifugation of the toluene colloidal dispersion, and redisso-
lution.® Different QD adsorption times have been used (8, 19,
and 72 h) for both LA and DA. Longer adsorption times lead
to a higher amount of adsorbed QDs but this has no influence
on the qualitative trends discussed below. Some electrodes were
coated with ZnS by twice dipping alternately into 0.1 M
Zn(CH;COQ0), and 0.1 M Na,S solutions for 1 min/dip, rinsing
with Milli-Q ultrapure water between dips.?? Samples with and
without ZnS coating were sensitized with the polypyridyl
ruthenium complex cis-RulL,(SCN), (L = 2,2"-bipyridyl-4,4’-
dicarboxylic acid) (N719) that is commonly used in high-
performance dye-sensitized solar cells (DSC), by dipping them
overnight in a 3 x 10~* M solution in ethanol.

The optical and vibrational properties of the QD-sensitized
TiO, films were investigated by diffuse reflectance, photolu-
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minescence, and micro-Raman spectroscopy before and after
N719 cosensitization. Diffuse reflectance UV —vis measurements
were performed on a Hitachi 3010 spectrophotometer equipped
with an integrating sphere. Since the sensitized TiO, films are
opaque, the absorption of the different samples has been
extracted from their diffuse reflectance R in Kubelka—Munk
units as F(R) = (1 — R)*/2R. Micro-Raman and PL measure-
ments were carried out in backscattering configuration on a
Renishaw inVia Reflex spectrometer equipped with a high-
sensitivity, deep-depletion CCD detector. The green line of an
Ar" ion laser (1 = 514.5 nm) approaching closely both the
metal-to-ligand charge transfer (MLCT) transition of the N719
molecular dye (535 nm)*? and the first exciton absorption peak
of the colloidal CdSe QDs (~540 nm) was used as excitation
source for both resonance Raman and PL measurements. The
spectra were acquired over the spectral range of 100—3500 cm ™
in a single scan (SynchroScan mode). The laser beam was
focused on the sample surface using the x 5 and x 50 objectives
of a Leica DMLM microscope at a wide range of laser powers
regulated by motorized neutral density filters of variable optical
density, in order to obtain the optimum S/N ratio for the PL
and Raman signals and avoid laser heating. Subtraction of the
intense PL background in the Raman spectra has been performed
by polynomial fitting and/or cubic spline interpolation routines,
while spectral deconvolution has been carried out by nonlinear
least-squares fitting of the Raman peaks to a mixed Lorentzian/
Gaussian line shape providing the peak position, full width at
half-maximum (fwhm), height, and integrated intensity / for each
Raman band. Resonance Raman has been used to selectively
enhance the Raman signal of the semiconductor quantum dots
(the excitation wavelength is centered at 514.5 nm, very close
to the CdSe QD first excitonic peak, as commented before).
Work under nonresonance conditions does not permit the
detection of the QD vibration modes, due to their relatively low
amount on the TiO, matrix. In fact, Raman measurements on
the QD-sensitized electrodes under nonresonant excitation
conditions (using a near-infrared laser line at 785 nm) show
only the anatase TiO, Raman modes, whereas the CdSe LO
phonon mode could not be traced.

Photophysical characterization was carried out by means of
transient absorbance spectroscopy (TAS) measurements on
Black Dye/QD-sensitized transparent 4 um thick TiO, films
(Black Dye (BD):tris(isothiocyanato)ruthenium(II)-2,2":6",2"'-
terpyridine-4,4’,4”-tricarboxylic acid, tris-tetrabutylammonium
salt). We used as a blank transparent BD/QD-sensitized ZrO,
films since the conduction band edge of the inorganic metal
oxide is higher than the CB of both CdSe QDs and the BD,
and thus, electron injection is avoided. TAS measurements were
performed by excitation of the sensitized films at 440 or 640
nm with pulses from a nitrogen-pumped dye laser PTI GL-301
(<1 ns pulse duration, 1 Hz, intensity 0.09 mJ-cm™2). The
resulting photoinduced changes in the optical density were
monitored at different wavelengths by employing a 150 W
tungsten lamp, with 1 nm bandwidth monochromators located
before and after the sample, a home-built photodiode based
detection system, and a TDS-200 Tecktronix oscilloscope.

Results and Discussion

Absorption and Emission Properties. Figure 1 shows the
characteristic UV —vis diffuse reflectance spectrain Kubelka—Munk
units for the QD-TiO, electrodes (DA for 72 h) before and after
cosensitization with the N719 dye, compared with the corre-
sponding data for the bare TiO, and N719-sensitized TiO, films.
Adsorption of the CdSe QDs on TiO, extends its absorption
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Figure 1. Kubelka—Munk plot of the diffuse reflectance spectra for
the TiO, films sensitized with DA QDs for 72 h, before and after N719
cosensitization. The corresponding data for bare TiO, are included for
comparison.

spectrum into the visible region with two pronounced local
maxima, a broad one at 445 and a sharper one at 540 nm,
reflecting the contributions of the characteristic exciton peaks
of the parent colloidal QDs.® Coating with ZnS leads to an
increase of the optical absorption and a red-shift of the first
absorption exciton peak by approximately 15 nm. The presence
of electronic coupling between ZnS and the CdSe QDs can be
accordingly inferred, similar to core—shell CdSe/ZnS nano-
crystals,* where tunneling of the QD electron wave function
into the surrounding ZnS shell reduces the confinement energy
and causes the shift of the exciton peaks to lower energies.
Postsensitization with the N719 molecular dye leads to a
significant increase of the optical absorption in the visible range,
encompassing both the fine structure of the QD absorption,
which eventually becomes smeared out, and the prominent
contribution of the N719 metal-to-ligand charge transfer (MLCT)
transition (Figure 1). Analogous behavior has been observed
for the samples sensitized with LA QDs.

A much more pronounced effect is evidenced though in the
variation of the PL emission spectra after dye cosensitization
of the QD/TiO, electrodes. Figure 2a compares the PL spectra
of the QD-sensitized electrodes (DA and LA), where the PL
amplitude has been normalized to the total amount of adsorbed
QDs by using the corresponding values of the first QD
absorption maximum. All the QD/TiO, samples exhibit the sharp
PL peaks stemming from the band-edge emission of CdSe QDs.
A difference of about 15 nm is observed in the PL peak position
between the LA (575 nm) and DA (590 nm) modes, arising
from the variation of the corresponding spectra for the parent
colloidal dispersions,® while ZnS deposition leads to a red-shift
of the emission peak, correlating with the variation of the
corresponding absorption measurements, see Figure 1.

Figure 2b shows the evolution of the normalized photolumi-
nescence peak intensity PL,,., with the QD adsorption time for
the DA and LA modes. In that case, two general trends can be
identified: (i) a systematic increase of PL for the ZnS-coated
QD/Ti0, electrodes for both adsorption modes and (ii) a higher
PL intensity for the LA samples in comparison with the DA
ones. The former effect indicates a passivation of the CdSe QDs
by the ZnS coating, increasing the luminescent quantum yield.
Very recently, we have shown that the main effect of the ZnS
coating on the QDSCs performance is a dramatic reduction of
the recombination of photoinjected electrons in TiO, with the
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Figure 2. Photoluminescence emission spectra for the sensitized
electrodes (DA and LA), normalized to the absorption values of the
first QD excitonic peak. (a) PL,om for QD sensitized samples before
(QD/Ti0,, dashed line) and after (dye/QD/TiO,, solid line) N719 dye
adsorption. QD adsorption time: 72 h. (b) PL,, intensity for the QD/
TiO, samples with and without ZnS coating, as a function the QD
adsorption time.

redox couple in the electrolyte by the interposition of the ZnS
intermediate layer.'”” In addition, both the red shift and the
enhancement of the optical absorption and the PL intensity
caused by ZnS coating are consistent with the corresponding
variations on CdSe/ZnS core—shell nanoparticles, where the ZnS
shell improves the PL quantum yield of the CdSe core by
passivating the QD surface states.>* Comparing the effect of
the adsorption mode on the PL emission, the systematically
enhanced PL of the LA samples provides direct evidence for a
significantly higher radiative recombination rate due to the
presence of the molecular linker, suggesting less efficient QD
binding and charge transfer to TiO, compared to the DA
samples. On the other hand, the absence of a mediating linker
in the direct adsorption mode leads to relatively lower PL
emission and thus more efficient electron injection from QDs
into TiO,. This result corroborates the higher photovoltaic
conversion efficiency reported for colloidal QDSCs, using the
DA variant for QD attachment in comparison with the LA.”
Most importantly, cosensitization of the QD/TiO, samples
with the N719 dye leads to a marked reduction of the QD
emission, independently of the adsorption mode, as seen in
Figure 2a. To quantify this prominent effect, we have calculated
the intensity ratio rp, = PLop/PLqp.gye using the PL intensity
before (PLqp) and after (PLgp.aye) postsensitization of the QD/
TiO, samples with the N719 dye, as shown in Table 1, where
the corresponding variation of the optical absorption maxima
in Kubleka—Munk units F(R) is also included. Dye adsorption
is accordingly found to decrease the QD emission by 2—3 orders
of magnitude for all samples, the most pronounced reduction
occurring for the uncoated DA samples, where PL emission is
nearly totally quenched (rp. = 5 x 10%). Explicit comparison
between the different types of QD/TiO, samples shows that PL.
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TABLE 1: F(R) Measured from the Kubelka—Munk Plots
at 514 nm for the Samples Sensitized with CdSe QDs
(F(R)op) and with QDs + Dye (F(R)aye.gn)”

F(R)op F(R)qye-op AF(R)" rprt TRaman ©
DA 2.05 5.60 3.55 5000 15
DA-ZnS 2.17 4.76 2.59 220 5
LA 1.84 4.32 2.48 130 6
LA-ZnS 2.42 4.92 2.50 150 8

“ AF(R) = F(R)dye-QD - F(R)QD b rpL — PLQ]:)/P]JQD_dye (PL = PL
intensity).  rraman = IOop/I"°gp-aye» Where I"© = Raman intensity of
the CdSe LO mode. “QD adsorption time: 72 h. PL vs Raman
intensity reduction ratios after dye absorption at 514 nm.

Intensity (arb. units)

1 1 1 1
100 200 300 400 500 600 700 800

Raman shift (cm'1)
Figure 3. Resonance Raman spectra of the QD/TiO, samples before

(solid lines) and after (dashed lines) N719 cosensitization, with and
without the ZnS coating, at 514.5 nm.

quenching is much higher for the DA than the LA mode for
similar values of the optical absorption F(R), while the ZnS
shell also reduces the extent of PL quenching for the DA
samples. This conspicuous quenching of the CdSe QD emission
upon interaction with the Ru-polypyridyl molecular complexes
provides the first evidence for the photoinduced charge transfer
between the CdSe nanocrystals and the N719 dye, as previously
suggested,'?*?¢ and will be elucidated below by means of
transient absorption measurements. It is important to point out
that the QD—dye interaction is operative even in the presence
of an intervening dielectric layer, as indicated by the significant
decrease of the PL intensity for the ZnS-coated samples after
cosensitization with the N719 dye.

Micro-Raman Spectroscopy. The effectiveness of the dye
postsensitization to quench the QD emission together with the
identification of the dye/CdSe + ZnS/TiO, components and their
electronic coupling has been further explored by micro-Raman
spectroscopy. Figure 3 displays the micro-Raman spectra of the
QD/TiO, samples before and after dye sensitization at 514.5
nm, where the strong interplay of the QDs emission impeding
the Raman scattering intensity is clearly evinced. For all QD-
sensitized samples, we can identify the most intense £, Raman
mode of anatase TiO, at 142 cm™! and the resonantly excited
longitudinal optical (LO) phonon of CdSe QDs at ~205 cm™!
(vide infra) superimposed on the PL background, which,
depending on the PL peak position and intensity, severely
obstructs the Raman signal. Dye cosensitization reduces drasti-
cally the PL background but also the Raman intensity, since
the N719 dye absorbs light very efficiently under 514.5 nm
excitation that is close to its MLCT transition.* In that case,
the decrease of the LO Raman intensity, which is directly
proportional to the incident light intensity, can be exploited as
an independent measure of the light attenuation by the strongly
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Figure 4. Spectral analysis of the Raman spectrum for the LA-ZnS-
sensitized sample at 514.5 nm, in comparison with the bare TiO, film.
The inset shows the variation of the CdSe LO mode before (solid lines)
and after (dashed lines) dye cosensitization.

absorbing dye molecules at 514.5 nm. The corresponding
intensity ratios rruman = I"%qn/I"°gp dye, With I°© being the Raman
intensity of the CdSe LO mode, are included in Table 1. These
data reveal that in all cases rp;, > rraman, verifying that only a
small fraction of the PL quenching could be caused by the
effective decrease of the light intensity due to the strong N719
absorption. Moreover, the ratio of rp, tO rruman decreases
significantly for the LA samples as well as for the ZnS-coated
electrodes, highlighting a clear influence of the attaching mode
and the intermediate passivating layer on the dye-QD-TiO,
coupling. In fact, the large difference between the PL and the
Raman signal reduction ratios after dye sensitization reinforces
the idea that QDs and dye molecules do not act as independent
sensitizers of TiO,, but rather as a closely coupled system that
promotes electron transfer to the semiconducting electrode.'

Furthermore, Raman spectral analysis allows identifying
unambiguously the individual components of the QD-sensitized
electrodes and their interactions. Figure 4 shows the deconvo-
luted Raman spectrum of the LA + ZnS-sensitized sample at
514.5 nm, which exhibits the highest red-shift of the PL
background (Figure 2a) and thus the best Raman resolution.
The characteristic Raman-active phonons of anatase TiO, can
be resolved in comparison with the bare TiO, electrode, namely
the most intense £, modes at 142 and 636 cm™' along with the
weaker Bj, mode at 397 cm™'. The corresponding phonon
frequencies are close to those of bulk anatase due to the large
particle size in the underlying titania film that hinders phonon
confinement effects.?’” The most intense Raman peak is though
the first-order LO phonon of the CdSe QDs at ~206 cm™!3!
due to the resonance Raman effect at 514.5 nm. This was
directly confirmed by complementary nonresonant Raman
measurements with a near-infrared diode laser at 785 nm as
excitation source. In that case, only the anatase modes were
observed, while the CdSe LO mode could not be traced,
reflecting the much lower amount of QDs relative to that of the
TiO, film. The CdSe LO mode exhibits the characteristic
asymmetric broadening at the low-frequency side stemming
from the contribution of confined optical phonons®' and/or
surface optical (SO) modes.* Its line shape can be effectively
fitted to the superposition of two peaks (Figure 4), the LO mode
at 206.5 cm™! with fwhm of 10 cm™!, reflecting the interplay
of phonon confinement and strain in the organic—inorganic
interface of colloidal QDs,* and the low-frequency SO mode
at 197 cm™! with fwhm of 28 cm™!, in good agreement with
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Figure 5. Resonance Raman spectrum of the DA sample after N719

cosensitization in the dye vibration region, compared to N719/TiO,
and the N719 complex in powder form, at 514.5 nm.

previous results on CdSe/ZnS nanocrystals.’*33¢ Comparison
of the LO mode before and after N719 dye sensitization (inset
of Figure 4) reveals marginal differences between the different
sensitized electrodes, indicating that the QDs retain their
structural integrity upon dye adsorption. The only systematic
variation that is traced concerns a shift of the LO peak from
205 to 206.5 cm™! together with a decrease of its fwhm from
15 to 10 cm™! upon deposition of the ZnS coating for both DA
and LA samples. This behavior can be attributed to the release
of interfacial strain and the passivation of surface defects by
the ZnS shell, similar to colloidal CdSe/ZnS QDs.3*% An
additional mode is observed at 284 cm™! together with a rather
broad band around 480 cm™! (Figure 4). These Raman peaks
can be attributed to the growth of a mixed CdS,Se,—, interfacial
layer between CdSe QDs and the ZnS shell that gives rise to a
CdS-like LO mode at LOcgs ~ 280 cm™! and its combination
with the CdSe LO phonon at LO¢gs. + LO¢qs ~ 470—490 cm™,
respectively.**¥” Moreover, resonant excitation allows identify-
ing the first CdSe overtone 2LO at 413 cm™!, whose integrated
intensity ratio to the one-phonon LO mode is a sensitive probe
of the exciton—phonon coupling strength.?® The value of I o/
I o is determined to be 0.11(1) for the LA + ZnS sample, which
is comparable, though smaller than those of CdSe nanocrystals
with mean diameter in the range of 2—3 nm.*® This implies
weakening of the exciton—phonon interaction upon deposition
of the ZnS coating, in good agreement with recent Raman results
on CdSe/ZnS nanorods.*

On the other hand, cosensitization of the QD/TiO, photo-
electrode with the N719 dye leads to distinct variations of the
resonance Raman spectrum compared to that of the free dye
molecules (Figure 5). The most intense bipyridine ring stretching
modes (1470—1615 cm™!) as well as the C—C inter-ring and
C—O stretching modes (1250—1320 cm™!) of the N719 dye
exhibit clear frequency shifts, intensity variations, and severe
broadening upon sensitization of the QD/TiO, electrode,
exceeding in most cases those observed in the bare N719/TiO..
This behavior, especially the increased damping of the dye
vibrations inferred from the Raman peak broadening, is a
characteristic feature of the efficient grafting of the dye
molecules on the QD/TiO, surface.?’?® Furthermore, a weak and
broad band appears at about 1370 cm™! on both N719/TiO, and
N719/QD/TiO, electrodes accompanied by a weak shoulder at
~1580 cm™! on the QD/TiO, electrode. Similar bands have been
previously reported in the surface-enhanced Raman spectra of
water and ethanol solutions of N719 mixed with silver colloids
and were identified with the symmetric and asymmetric COO™
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stretching modes, respectively.*’ The persistence of these modes
in the Raman spectra of N719/QD/TiO, suggests that the dye
complex may be bound onto the CdSe QDs through its
carboxylate groups, similar to colloidal metallic nanoparticles.

Transient Absorption Spectroscopy. To establish the rela-
tionship between QD and the dye we have undertaken TAS
measurements on the TiO,-QD-BD heterostructured system. The
use of BD instead of N719 allows the selective excitation of
the dye, for example, at 640 nm, where the QD does not absorb,
see Figure 1. On the other hand, it has been previously reported
that N719 and BD molecular complexes exhibit similar behavior
upon conjugation on QD-sensitized TiO, electrodes.'® Figure 6
shows the normalized spectral transient absorption of QD, BD,
and BD-QD-TiO, samples at 100 us after sample excitation.
After light excitation at Ae,. = 440 nm QDs are excited. Probing
the sample absorption at different wavelengths, Ao, the spectral
pattern of the analyzed samples is obtained by detecting the
absorption signal from the QD™ cation!* and the BD* cation.
These cations originate from the charge transfer processes
between the excited light-absorbers and TiO, or between the
different light-absorbers. We would also like to notice that from
Aprobe = 850 nm to the maximum wavelength of our system
(980 nm) the transient absorption spectrum may also have a
component due to the absorption of the electrons at the TiO,
semiconductor film.

The back electron transfer decays from TiO, to the oxidized
QDs were recorded by measuring exciting at dexe = 440 nm
and monitoring at Aprone = 620 nm, the wavelength of maximum
absorbance of QD™, see Figure 6. Moreover, TAS measurements
for BD-QD-TiO; for LA and DA samples are shown in Figure
7. When the samples are excited at Ao = 640 nm, only the
dye is excited. The origin of the cation absorption decay is the
recombination of an injected photogenerated electron into TiO,
with the remaining hole in the cation. In all cases, the
recombination decay kinetics expands from nanoseconds to
milliseconds time scale and can be fitted by a stretch exponential
of the form AOD = OD, exp(—(#/7)?), where OD is the optical
density, 7 is a characteristic lifetime, and 3 is the exponential
factor. It is also worth noting that the decay on the dye-sensitized
DA sample is twice that on the dye-LA suggesting lower
recombination when using this synthetic approach that could
partially compensate for the lower injection efficiency observed
for the LA samples. On the other hand, the addition of the dye
to the QD slows down 10 times this back electron transfer, see
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Figure 7. Transient absorption measurements of the TiO,-QD-dye films
excited at Aec = 440 nm, and recorded at Ao = 620 nm (squares) or

Aprobe = 780 nm (full circles), and excited at ey = 640 nm and probed
at Aprobe = 780 nm (line): (a) LA samples and (b) DA samples.

TABLE 2: Parameters Obtained from the TAS
Measurements of Sensitised QD-TiO, Electrodes®

Sample lexc - lpmbe i (II]S) ﬁ
TiOy-(LA-ZnS) 440—620 0.54 0.14
TiO»-(LA-ZnS)-BD 440780 23 0.22

440—620 3.8 0.23
TiO,-(DA-ZnS) 440—620 0.38 0.17
TiO,-(DA-ZnS)-BD 440—780 70 0.42
440—620 1.7 0.32
TiO,-BD 640—760 0.61 0.32

“BD denotes cosensitization with the black bye. BD-TiO, is
shown as reference: f; is the recombination lifetime deduced from
the fwhm of the decay, and 8 is the exponential factor obtained
from the stretched exponential (see text for details).

Table 2, for both deposition methods. To exclude the possibility
of electron injection from the black dye directly into TiO,, the
formation of the dye cation has been monitored by excitation
at 640 nm and probe at 780 nm. A positive signal is not obtained
in any sample suggesting that either there is no formation of
BD™ or that the recombination kinetics between photoinjected
electrons at the QD and the oxidized dye occurs faster than our
instrumental response. In any case, the increased recombination
lifetime 1, see Table 2, observed for the QD™ after dye
attachment can be directly correlated to the influence of the
presence of the anchored dye. Finally, the formation of BD™
and subsequent regeneration of the QD ground state by the hole
transfer from the QD to the anchored dye have been monitored
using Aee = 440 nm, where the BD™ has no significant
absorption, see Figure 6, and monitored the decay at 780 nm.
For both DA and LA samples, the resulting decays occur on
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Figure 8. Schematic energy diagram of carrier photogeneration,
transfer, and recombination in (a) QD/TiO, and (b) dye/QD/TiO,.
Arrows indicate the main processes occurring in sensitized electrodes
after light illumination. The thickness of the arrows shows qualitatively
the strength of the process. After light illumination electron—hole pairs
are photogenerated, process 1. This pair can recombine internally in
the QD before any carrier is transferred outside the QD, process 2.
This internal recombination can be nonradiative or radiative, the
radiative recombination results in the PL signal detected. In addition
photogenerated electrons can be transferred to TiO,, process 3, and
they will recombine with the holes left in the QD, process 4. When
the dye is attached to the QD the internal recombination, process 2, is
strongly reduced (PL quenching), due to the fast hole injection from
QD into TiO,, process 5. In this situation, the recombination of
photoinjected electrons in the TiO, with photoinjected holes in the dye,
process 6, is sensibly slower than the recombination process QD/TiO,
as has been characterized by TAS measurements.

the same time range, see Figure 7, and are fitted to stretch
exponentials. The calculated half-lifetime of BD*-QD-TiO, is
100 times higher compared to that of BD™ anchored onto TiO,
(Table 2).

The main processes taking place in the sensitized electrodes
are indicated in Figure 8. The QD photoexcitation, process 1
in Figure 8a, at Aexe = 440 nm promotes the electron injection
from the QD excited state to the TiO, conduction band, process
3 in Figure 8a, and the immediate regeneration of the QD ground
state by the attached dye, process 5 in Figure 8b, which implies
that the holes are located at the dyes and the charge recombina-
tion process, between the photoinjected electrons at the TiO,
and the oxidized dyes, process 6 in Figure 8b, is much slower
than in the case with no dye attached, process 4 in Figure 8a,
due to the increase of distance between the electron donor
material and the electron acceptor moiety. The charge recom-
bination dynamics vs distance dependence relationship has
already been reported for DSC by Durrant and co-workers.*!

To further confirm our hypothesis we have carried out TAS
experiments on ZrO, mesoporous films, see Figure 9. The ZrO,
conduction band edge is much higher in energy than the TiO,,
which prevents the electron injection either from the QD or the
dye. Nonetheless, the photoexcitation at 440 nm and probe at
780 nm lead to an extremely fast decay in our micro- to
millisecond TAS system, close to the experimental setup
response time. This fact indicates that there is an efficient
electron transfer from the dye to the QD but the back-electron
transfer lifetime occurs faster than microseconds. On the other
hand, the fast regeneration of the QD by the Ru dye reduces
the internal recombination in QDs, process 2 in Figure 8a,
producing the observed quenching in PL. The reduction of
internal recombination also increases the amount of injected
electrons from QDs into TiO,, as has been previously
observed.'*-*

Conclusions

In summary, we have performed a systematic investigation
of the electronic coupling between colloidal CdSe QDs and
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Figure 9. Comparison of the TAS measurements for the TiO,-(LA-
ZnS)-dye and ZrO,-(LA-ZnS)-dye films excited at Aexe = 440 nm and
recorded at Apope = 780 nm.

ruthenium molecular dyes used successively as sensitizers of
mesoporous TiO, films by means of photoluminescence,
resonance Raman, and transient absorption spectroscopy, and
observed a strong interaction between both of them. Our results
indicate the following: (i) Distinct differences in the emission
intensity between QDs anchored on TiO, electrodes by DA and
LA suggest that the absence of a mediating molecular bridge
in the former anchoring mode strengthens the coupling and the
concomitant electron injection from QDs to TiO,. (ii) ZnS
coating on the QD/TiO, electrodes enhances the PL yield acting
as a passivation layer of the CdSe QD surface states, as in
colloidal core—shell semiconductor nanocrystals. (iii) Most
importantly, cosensitization with a ruthenium molecular dye,
commonly employed in dye-sensitized solar cells, leads to
marked PL quenching, most pronounced in the case of uncoated,
directly adsorbed QDs on TiO,, though clearly sustained even
in the presence of ZnS intervening layers. The underlying
mechanism is attributed to the fast photoinduced hole transfer
from QDs to the dye molecules that act as regenerating agents
of the QD sensitizers and promote charge separation in the dye/
QD/TiO, system. These results could have important implica-
tions for the development of QDSC photovoltaic devices
exploiting the synergistic function of composite heterostructures
consisting of QDs and molecular dyes.
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