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Hybrid structures of colloidal quantum dots (QDs) with Ru-dyes have been studied as candidates

for panchromatic sensitizers for TiO2-based solar cells. Steady-state and time resolved

photoluminescence spectroscopy and photocurrent measurements have been employed to identify

the prevailing transfer mechanisms for photogenerated excitons between CdSe QDs capped with a

traditional bulky organic ligand trioctylphosphine and Ru-dyes (N3 or Ru505) deposited onto inert

glass or mesoporous TiO2 substrates. The type II energy level alignment between the QDs and both

N3 and Ru505 offers a possibility for the directional charge separation, with electrons transferred

to the QDs and holes to the dye. This scenario is indeed valid for the QD/Ru505 and TiO2/QD/

Ru505 hybrid systems, with the negligible spectral overlap between the emission of the QDs and

the absorption of the Ru505 dye. For the QD/N3 and TiO2/QD/N3 hybrid systems, the spectral

overlap favors the longer range energy transfer from the QDs to N3, independently of the presence

of the electron acceptor TiO2. VC 2011 American Institute of Physics. [doi:10.1063/1.3605486]

INTRODUCTION

Semiconductor nanocrystals, often referred to as colloi-

dal quantum dots (QDs) possess a number of fascinating

properties at the nanoscale.1 In particular, the bandgap tuna-

bility by size control offers an easy way to tailor the optical

absorption and emission properties of QDs, rendering them

particular attractive for a wide range of applications ranging

from bioimaging2–4 to photovoltaics.5–7 Focusing on photo-

voltaic applications, further attractive properties of the semi-

conductor QDs include hot carrier collection8 and multiple

carrier generation,9 although their full exploitation in solar

cells is not straightforward and requires further investigation.

The QDs have been tested in several solar cell configura-

tions, ranging from all-inorganic layered structures of CdSe

and CdTe QDs5,10 to the bulk-heterojunction solar cells

based on semiconductor nanocrystals and conjugated poly-

mers.11–13 Studies of quantum dot sensitized solar cells

(QDSSCs),14 nanostructures based on a concept similar to

the well-known dye sensitized solar cells (DSSCs)15 but uti-

lizing QDs instead of Ru-dyes as photosensitizers of mesopo-

rous TiO2 are receiving increasing attention at present.16–20

Despite the potential benefits of QDs with respect to Ru-dyes,

the reported maximum conversion efficiencies of QDSSCs

(3–4%)19,20 are still far behind those for DSSC (12.1%).21

When colloidal QDs molecularly linked to mesoporous TiO2

films are used as photosensitizers, the main limitation for the

efficient QDSSC operation is often related to the low optical

absorption due to the poor surface coverage of the QDs,22 de-

spite high internal quantum efficiencies reaching 90%.23 On

the contrary, when in situ grown QDs (by chemical bath depo-

sition,19 or sequential ionic layer adsorption and reaction)24,25

are employed, the main loss mechanism is related to the fast

internal recombination and, in this case, the internal quantum

efficiencies are significantly lower (around 50%).23 Further

important limiting factors in QDSSCs are related to excessive

series resistance caused by charge transfer limitations at the

counterelectrode/electrolyte interface,26 and charge recombi-

nation through surface states.27

In order to overcome these drawbacks and improve the

efficiencies of QDSSCs, different strategies have been pro-

posed. The introduction of nanometric barriers at the TiO2/

QD/electrolyte interface has been proven to efficiently elimi-

nate surface recombination losses, significantly (up to two

times) improving photocurrents and hence, energy conver-

sion efficiencies.18,19 The use of an additional encapsulating

TiO2 amorphous coating on CdSe QD sensitized TiO2 meso-

porous substrates resulted in the substitution of polysulfide

redox electrolyte, for which the conventional platinum
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counterelectrodes exhibit poor electrocatalytic proper-

ties,28,29 by the standard I�/I3
� redox electrolyte commonly

employed for DSSCs, which led to increased efficiencies

while maintaining the stability of the QDs.30 Tailoring the

band alignment of the TiO2 and CdSe QDs by the use of mo-

lecular dipoles has been shown to improve the performance

of QDSSCs,31 while the synergistic combination of nanomet-

ric barriers (ZnS conformal coating), together with the

proper band alignment through the use of molecule dipoles

has led to a factor of 6 enhancement in the conversion

efficiency.32

Yet another promising strategy to improve the perform-

ance of QDSSCs is the simultaneous use of colloidal QDs

and Ru-dyes as supracollectors of light in hybrid (QDs and

dye) sensitized solar cells (HSSC).33 Hybrid structures of

QDs and dyes can, in an ideal case, simultaneously satisfy

several important requirements for light harvesting materi-

als: (i) extend the spectral absorption range by adding up

the absorption ranges of both components,34 (ii) reduce the

internal charge recombination by fast hole scavenging from

QDs and efficient spatial separation of electrons and holes

via a multistep charge separation cascade,35,36 and (iii)

improve charge extraction by the reduction of recombina-

tion losses in QDs.37 Our recent surface photovoltage study

demonstrated a remarkable 40-fold enhancement in elec-

tron injection from QDs into TiO2 for the combination of

CdSe QDs and N3 dye.33 Type II alignment of energy lev-

els between the CdSe QDs and several types of Ru-dyes

used in that study promoted electron injection from dyes

into TiO2, facilitated by the efficient extraction of holes

from the valence band of QDs to the ground state of the

dye. In contrast, when CdTe QDs were combined with the

same Ru-dyes instead of CdSe QDs, the type I alignment

resulted in nonradiative energy transfer between the QDs

and the dye.33 Both CdSe and CdTe QDs employed in that

study were synthesized in water38,39 and thus capped as-

prepared with a short-chain surface ligand, thioglycolic

acid (TGA, chain length �4 Å), which does not hinder

charge separation.10

There have been several reports on the study of the

interactions between semiconductor QDs and different kinds

of dyes (Ru-polypyridine complexes, Cy5, TX Red Cadavar-

ine, Rhodamine B) resulting either in charge transfer40–42 or

in energy transfer.43,44 These examples illustrate that the

electronic coupling between the QDs and dye may be signifi-

cantly different depending on the kind of dye.

The energy transfer competing with charge transfer

should not necessarily be considered as detrimental for the

performance of HSSCs: it can be explored in a configuration

where QDs are used as antennas, nonradiatively funneling45

absorbed light to the charge separating dye molecules.46

Consequently, in order to better exploit the potential benefits

of HSSCs, a deeper understanding of the interaction mecha-

nisms between QDs and Ru-dyes in terms of the competition

between energy transfer and charge separation is necessary.

The present study employs steady-state and time-resolved

photoluminescence (PL) spectroscopy along with photocur-

rent measurements to analyze the interactions between col-

loidal CdSe QDs and two Ru-dyes (N3 or Ru505),

sequentially adsorbed on inert glass or mesoporous TiO2

substrates.

EXPERIMENTAL SECTION

In contrast to our previous study,33 the CdSe QDs (4.5 nm

in diameter47) employed here were synthesized in organics48

and had bulkier ligand trioctylphosphine (TOP, chain length

�11 Å) on their surface. They were carefully purified from

the excess of stabilizer by three cycles of precipitation and

isolation by centrifugation and redispersion, resulting in a

5� 10�5 M stock solution in toluene. Incomplete washing of

the QDs would result in an excess of organic ligands at the

surface of the QDs, which would dramatically reduce the

observed photocurrents.49 Two Ru-dyes, N3 and Ru505,

were purchased from Solaronix SA, Switzerland. They have

a very similar chemical structure of Ru(dcbpy)2(X)2

(dcbpy¼ 2,20-bipyridyl-4,40-dicarboxylate) with the only dif-

ference for X being the thiocyanate group in N3 and the cya-

nide group in Ru505 [Fig. 1(a)].

Hybrid structures of CdSe QDs and Ru-dyes were pre-

pared on inert glass and on the mesoporous TiO2 substrates,

to account for the possible difference in the QD-dye interac-

tions with and without the presence of the electron acceptor,

TiO2. For the sets of samples on glass substrates, 10 ll of the

stock solution of CdSe QDs in toluene were mixed with

10 ll of 5� 10�4 M stock solution of N3 or Ru505 dye in

ethanol and drop-casted onto thoroughly cleaned microscopy

slides. Reference samples of bare dyes were prepared in a

comparable way, mixing 10 ll of the QD stock solution with

10 ll of ethanol or 10 ll of the dye stock solution with 10 ll

of toluene, followed by drop casting.

Another set of samples was prepared by the sequential

adsorption of QDs and a dye on mesoporous TiO2 substrates

[Fig. 1(b)]. The latter were prepared from a colloidal titania

paste containing TiO2 nanoparticles of 20–450 nm size (Dye-

sol 18NR-AO) deposited on transparent SnO2:F (FTO)

coated glass electrodes (Pilkington TEC15, 15 X/sq resist-

ance) and sintered at 450 �C for 30 min, resulting in �10 lm

thick films. The TiO2 surface was functionalized with cyste-

ine26 to ensure the efficient adsorption of QDs. The CdSe

QDs have been deposited from their stock solution in toluene

by dipping TiO2 substrates for 24 h, resulting in a homogene-

ous coating. The preparation of hybrid TiO2/QD/dye samples

has been accomplished by dipping TiO2/QD substrates into a

5� 10�5 M solution of N3 or Ru505 dye in ethanol for 2 h.

The samples were rinsed with toluene after dipping in QD

solution, or with ethanol after dipping in dye solution. These

samples contained a relatively low amount of dye on top of

the QDs, and are denoted as low dye load samples (LN3 and

LRu505) in the following discussion. The preparation of refer-

ence samples of dyes was not as straightforward in this case,

since TiO2 is known to be a very strong PL quencher for Ru

dyes.50,51 Instead, we have used the following approach in

order to compare the PL decays of the dyes influenced and

not (or only minimally) influenced by interactions with CdSe

QDs. After the measurements on the hybrid TiO2/QD/dye

samples prepared as described the same specimens were

dipped into a 5� 10�4 M ethanol solution of the respective
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dye for 15 h in order to overload it with dye. These dye-over-
loaded structures (denoted as ON3 or ORu505 in the following

discussion) served as qualitative reference samples, since

they contained a significant amount of dye molecules with-

out a direct contact to QDs or TiO2.

The absorption and steady-state PL spectra were taken

with a Varian Cary 5000 spectrophotometer and a Horiba

Jobin-Yvon Fluorolog-3 spectrometer, respectively. The ex-

citation wavelength was 400 nm for all measurements.

Time-resolved PL measurements were made with a streak

camera (Hamamatsu C5680) combined with the spectrome-

ter (Cromex, 40 gr/mm grating). The frequency doubled out-

put of the mode-locked titanium-sapphire laser (150 fs, 100

kHz) was used as an excitation source at 400 nm. The emis-

sion wavelength range selected for monitoring the PL decays

(Table I) was determined by the fitting of the steady state PL

spectra to a Gaussian function and extracting the peak maxi-

mum (kmax) and the FWHM standard deviation (r). The

emission range was (kmax 6 r).

Photocurrent measurements have been done in a three-

electrode configuration using the sensitized TiO2 electrodes

as the working electrode, a Pt wire as the counterelectrode

and a Ag/AgCl reference electrode. As an electrolyte, 0.01

M tetrabutylammonium tetrafluoroborate in methanol has

been employed, with methanol acting as a hole scavenger. A

Xe lamp coupled with a UV filter was used for illumination,

in order to avoid the direct photoexcitation of electron-hole

pairs in TiO2. The illumination power was 20 mW/cm2.

RESULTS AND DISCUSSION

The type II alignment of the energy levels of the CdSe

QDs and both N3 and Ru505 dyes, with the lowest excited

energy state for the electrons in QDs and for holes in the

dye [Fig. 1(c)] makes the possibility of charge separation in

their hybrid systems evident. In the case of sequentially de-

posited layers of TiO2, CdSe QDs, and the dyes [Fig. 1(b)],

the presence of the strong electron acceptor TiO2 may addi-

tionally facilitate the extraction of electrons from the QDs.

The charge separation is based on the wavefunction overlap

FIG. 1. (Color online) (a) Chemical

structures of N3 and Ru505 dyes. (b)

Scheme of a hybrid structure of CdSe

QDs and a Ru-dye sequentially depos-

ited on a TiO2 substrate. (c) Energy

diagram for TiO2, CdSe QDs, and N3

and Ru505 dyes used in this study (see

Ref. 62).

TABLE I. Emission range selected for monitoring PL decays after fitting

the steady state PL spectra to a Gaussian function (peak maximum, kmax,

and standard deviation, r).

System kmax (nm) r (nm) Emission range (nm)

N3; QD/N3 772 45 727–817

Ru505; QD/Ru505 689 54 635–743

TiO2/N3; TiO2/QD/N3 712 24 688–736

TiO2/Ru505; TiO2/QD/Ru505 710 48 662–758
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and follows the exponential distance dependence between

the two partners. On the contrary, the Förster resonance

energy transfer (FRET) can take place between the two

partners with different bandgaps, with the excitons trans-

ferred from a material with the higher bandgap (donor) to

the material with the lower bandgap (acceptor).52 The dis-

tance dependence of the FRET rate is influenced by the ge-

ometrical arrangement of the donor and acceptor species,53

ranging from d�6 to d�3. The energy transfer is independent

on the band alignment and can also occur in parallel with

charge separation. One important condition for the energy

transfer is the spectral overlap of the emission spectrum of

the donor with the absorption of the acceptor. A longer

acceptor lifetime is normally characteristic for FRET and

shows the “feeding” of the acceptor from the donor via

energy transfer.

Figure 2 shows the absorption and PL spectra of both of

the dyes and the QDs employed. Both N3 and Ru505 absorp-

tion spectra are characterized by the presence of two bands,

with the peak positions at 395 and 530 nm for N3 and at 365

and 490 nm for Ru505. Their emission spectra are character-

ized by a broad peak located between 700 and 950 nm for

N3 and between 600 and 850 nm for Ru505. The absorption

and emission spectra of CdSe QDs are shown in both Figs.

2(a) and (b) to demonstrate the spectral overlap (yellow-

shadowed areas) of the emission of CdSe QDs with the

absorption of dye. The spectral overlap is larger for N3 than

for Ru505, indicating the higher probability of energy trans-

fer from QDs to N3. At the same time, the charge separation

between the QDs and both kinds of dyes is possible due to the

type II energy level alignment of the components [Fig. 1(c)].

The energy transfer should lead to the quenching of QD

emission and the increase of the emission of dye, while the

charge transfer should result in the quenching of emission of

both components.

Due to the inhomogeneity of the samples and strong

light scattering by the TiO2 films, the discrimination

between the energy transfer and the charge separation

processes is not possible via steady-state PL and absorp-

tion characterization. Therefore, we have performed time-

resolved PL measurements, monitoring the PL decays of

dyes in the hybrid QD/dye composites. The PL decays of

the dyes can be influenced by two processes: energy trans-

fer from the QDs to the dye resulting in the feeding of the

dye whose PL decay becomes slower, or a charge transfer

which dissociates excitons in both QDs and the dye, caus-

ing the dye to decay faster. A comparison of the PL

decays of hybrid QD/dye samples with the respective ref-

erence samples of bare dyes deposited on inert glass sub-

strates shows that the former scenario is valid for the N3

dye [Fig. 3(a)], while the latter takes place for Ru505 [Fig.

3(b)]. This shows that, despite the type II alignment of

energy levels, the energy transfer prevails over the charge

transfer in the hybrid QD/N3 system, due to the large

enough spectral overlap of the emission of the QDs and

the absorption of the N3 [Fig. 2(a)]. The respective spec-

tral overlap for the hybrid system, QD/Ru505, is negligible

[Fig. 2(b)], and the charge separation takes over.

Since hybrid structures of QDs and Ru-dyes are partic-

ularly interesting for their application as potential co-sensi-

tizers in TiO2-based solar cells, we compared the PL

decays for the hybrid QD/N3 and QD/Ru505 structures de-

posited on mesoporous TiO2 substrates [Fig. 4]. The results

obtained show the same trends as for inert glass substrates:

a slower PL decay of the N3 dye in the hybrid TiO2/QD/

N3 sample, LN3, as compared to the N3-overloaded speci-

men, ON3 [Fig. 4(a)], and a faster PL decay of the Ru505

dye in the hybrid TiO2/QD/Ru505 sample, LRu505, as

FIG. 2. (Color online) Absorption and steady state PL spectra of (a) N3 and

(b) Ru505 dye. Absorption and PL spectra of CdSe QDs are presented in

both graphs to indicate the spectral overlap (yellow-shadowed areas) rele-

vant for nonradiative energy transfer.

FIG. 3. (Color online) Time-resolved PL decays of (a) N3 and (b) Ru505

dyes in hybrid CdSe QDs/dye systems on inert glass substrates, compared to

the respective reference samples of the N3 and Ru505 dyes only. The solid

lines are the best fits to the experimental points. Selected emission ranges

are specified in the experimental section (Table I).
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compared to the Ru505-overloaded specimen, ORu505

[Fig. 4(b)].

The photocurrent response of the systems under study

has been measured as previously detailed in Sec. II. The

obtained results show that both QD/dye hybrid systems pro-

vide higher photocurrents compared to the dye-only and

QDs-only samples [Fig. 5]. These results are consistent with

the energy and charge transfer in the hybrid QD/N3 and QD/

Ru505 systems, respectively, supporting the results of the PL

measurements. In addition, both hybrid systems present a

higher pseudo-open-circuit voltage potential, Voc (voltage at

photocurrent zero), as compared to dye-only sensitized TiO2

electrodes (Fig. 5). We use the prefix ‘pseudo’ to indicate that

this is not the standard Voc measured in the two-electrode

configuration: Voc depends only on the photovoltaic proper-

ties of the system, while the pseudo-Voc, measured with the

three-electrode configuration, also depends on the type of

reference electrode used. The increase of the pseudo-Voc for

the hybrid systems is consistent with an increase of the

charge separation between the photo-injected electrons in the

TiO2 and the holes in the dye. This charge separation, pro-

moted by both energy and charge transfer, increases for

hybrid samples, reducing the recombination with a subse-

quent increase of pseudo-Voc.

Our results show that, independent of the presence of a

mesoporous TiO2 substrate, the energy transfer takes place

between the QDs and the N3 dye, while the charge transfer

occurs between QDs and the Ru505 dye. According to the

estimated position of the energy levels [Fig. 1(c)], a type II

alignment should exist for the CdSe QDs and both dyes, with

an even larger offset between the conduction band of the

QDs and the LUMO of N3 (Ref. 33) compared to the LUMO

of Ru505,54 which should result in a higher driving force for

the charge separation in the QD/N3 hybrid system.55 At the

same time, the spectral overlap of the emission of the QDs

and the absorption of the dye favors the energy transfer

between CdSe and the N3 dye.56 The charge separation in

the system under study may be considered unfavorable by

the relatively large (2.5–3 nm) distance between the dye

molecule and the QD core, due to the large QD diameter (4.5

nm) and bulky TOP ligands (1.1 nm) on the QD surface,47

although there have been reports that Ru dyes may directly

anchor to the surface of the CdSe QDs by their carboxylate-

containing ligands.40,57 The energy transfer relies on long

range dipole-dipole interactions, with typical Förster radii in

the range of 5–6 nm,56,58 and can thus compete with the

charge separation in the case of a favorable spectral overlap.

FIG. 4. (Color online) Time-resolved

PL decays of (a) N3 and (b) Ru505

dyes in the hybrid CdSe QDs/dye sys-

tems with low dye load (samples LN3

and LRu505) on mesoporous TiO2 sub-

strates, compared to the reference sam-

ples overloaded with respective dyes

(ON3 and ORu505). The solid lines are

the best fits to the experimental points.

The selected emission ranges are speci-

fied in the experimental section (Table I).

FIG. 5. (Color online) Photocurrent measurements: current density/voltage

curves obtained for TiO2 electrodes sensitized with different combinations

of CdSe QDs and Ru-dyes in a three-electrode configuration. The response

of the bare TiO2 electrode is also included for comparison.
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The chemical structures of both dyes studied here differ in

two thiocyanate groups being present in N3 and two cyanide

groups in Ru505. The presence of these functional groups,

offering a different ability to coordinate with the Cd-rich sur-

face of the CdSe QDs59 or penetrate into the shell of the

TOP molecules may additionally affect QD-dye interactions

and thus the transfer mechanisms.

CONCLUSIONS

Our data, together with the results of our recent related

studies33,55 demonstrate that the competition between the

charge separation and energy transfer in hybrid systems of

semiconductor QDs and Ru-dyes (or polymers55) strongly

depends on the energy level alignment and spectral overlap.

Independently of the presence of the TiO2 substrate, energy

transfer takes place from the CdSe QDs capped by bulky

TOP ligands to the N3 dye, while for the similar hybrid sys-

tem of N3 dyes and CdSe QDs capped by short-chain TGA

molecules, the charge transfer has previously been identified

by the surface photovoltage spectroscopy as a prevailing

mechanism.33 Our results show that beyond energetic con-

siderations, the interactions of the components of the hybrid

systems under study determined by the surface ligands of

QDs and the functional groups of the dyes may influence the

transfer mechanism. The role of the capping ligands of the

colloidal QDs has been demonstrated to have paramount im-

portance on the efficient charge separation at the QD/poly-

mer interface.60 Consequently, it is expected that the nature

of capping ligands is also crucial for governing the QD-dye

interaction. The future development of these supracollector

structures for photovoltaic applications will rely on tailoring

the interactions between the constituting entities, not only by

energy level alignment but also by the anchoring groups of

the dye molecules, the capping molecules of the QDs, and

the supracollector geometries for maximizing their light har-

vesting capabilities, optimizing the transfer mechanism for

optimum electron injection into wide bandgap semiconduc-

tors (TiO2, ZnO), and hole scavenging dynamics. There have

already been recent reports demonstrating the beneficial

effect of the co-sensitization of QDs and dyes in full device

architectures. As an example, Liu and Wang have demon-

strated the enhanced performance of the hybrid PbS QD/

N719 dye structure (6.35% efficiency), compared to only

N719 (5.95% efficiency).61
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