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The efficiency of solar cells depends on absorption intensity of the photon collectors. Herein, mobile
quantum dots (QDs) functionalized with thiol ligands in electrolyte are utilized into dye–sensitized solar
cells. The QDs serve as mediators to receive and re–transmit energy to sensitized dyes, thus amplifying
photon collection of sensitizing dyes in the visible range and enabling up–conversion of low-energy photons
to higher-energy photons for dye absorption. The cell efficiency is boosted by dispersing QDs in electrolyte,
thereby obviating the need for light scattering1 or plasmonic2 structures. Furthermore, optical spectroscopy
and external quantum efficiency data reveal that resonance energy transfer due to the overlap between QD
emission and dye absorption spectra becomes dominant when the QD bandgap is higher than the first
excitonic peak of the dye, while co–sensitization resulting in a fast reduction of oxidized dyes is pronounced
in the case of lower QD band gaps.

T
he most critical challenge in solar cell systems is to harvest photons in the visible and infrared (IR) regions. A
class of ruthenium–complex dyes absorbs in the visible region and has been used extensively as photon
collectors in dye–sensitized solar cells (DSSCs). However, the photon–to–current efficiency depends on the

photon absorption intensity of the dye, which requires improvement. Thus far, the intensity has been improved
by adding light scattering1 or embedding plasmonic2 structures. These approaches make such solar cells thicker
than preferable, thus preventing the realization of thin transparent solar cells and leading to high resistances.

Photon co–absorbers3 attached onto a TiO2 surface can extend the absorption range to the visible region, thus
resulting in improved photon collection. However, this approach requires a strict bandgap alignment of the co–
absorbers with that of the TiO2 along with the potential energy states of the electrolyte and is limited by the poor
contact of the co–absorbers to the TiO2 surface. Enhanced photon absorption intensity and efficiency in DSSCs
have also been achieved by dissolving an energy relay dye4 in DSSCs. Meanwhile, this system is also limited to
harvest a broad region of visible light.

Herein, we report that mobile quantum dots (QDs) can serve as mediators to receive and re–transmit broad-
band energy to sensitized dyes, thereby amplifying the photon collection intensity of sensitizing dyes in the visible
range (300–800 nm) and broadening the overall spectra up to the near infrared range (900–1200 nm) via the
two–photon collection process. This phenomenon boosts the efficiency of cells by more than 200% exceeding that
obtained with scattering and plasmonic structures on a similar framework. Therefore, these QDs provide an
improved efficiency of DSSCs via amplified broadband photon collection at the visible and the near–IR ranges,
which heretofore have remained unexploited in solar cells. The superposition of dyes and QDs can be distin-
guished by three different mechanisms: Föster resonance energy transfer (FRET)4 (Figure 1a), co–sensitization
enabling the efficient reduction of an oxidized dye (Figure 1b), and two–photon absorption (TPA) allowing for
up–conversion of low–energy photons to higher-energy photons for dye absorption (Figure 1c). The QDs were
dispersed in an electrolyte, while the dyes were attached to the TiO2. The absorption and efficiency of the cells are
doubled by dispersing QDs in the ionic liquid electrolyte of the DSSCs. We provide two sets of data supporting the
role of QDs: 1) optical spectroscopy data showing that QDs serve as effective photon mediators once they are
placed in the electrolyte, significantly increasing the broad absorption of the sensitizing dye throughout the entire
range of the visible spectrum, and 2) external quantum efficiency (EQE) measurements showing that QDs
markedly improve the photon–to–current efficiency via broadband absorption.
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Results
Functionalized quantum dots in ionic liquid electrolyte. Prior to
the assembly of the DSSC construct, we carried out a series of ex-
periments to obtain the QDs with the appropriate functionality5–7

and to verify their energy transfer properties in the presence of
the components that would ultimately be introduced into the
DSSCs. CdSe QDs with mixed amino ligands (hexadecylamine–
trioctylphosphineoxide–trioctylphosphine) were synthesized with
four different bandgaps (2.64 eV, green; 2.44 eV, yellow; 2.25 eV,
orange; 2.21 eV, red). These ligands were exchanged with a thiol
ligand (2–(dimethyl amino) ethane–thiol) and were dispersed in a
conductive ionic liquid (1–ethyl–3–methylimidazolium bis (triflu-
romethylsulfonyl) imide) using the extraction process within
solution phases as illustrated in the Supplementary Information
(Figure S1a). The electrolyte was mixed with a proper combination
of cation (EMIm–I or DMPII), anion (I2), charge transport enhancer

(LiI), recombination inhibitor (tBP), and water8. Then, the solution
was directly injected into the DSSCs (Figure S1b). Absorption
(Figure S2) and emission (Figure S3) spectra were measured for
these four different QDs and each spectrum was compared to that
of the corresponding original amino–functionalized QD. The
absorption and emission spectra of all of the QDs were basically
maintained in the ionic liquid with slightly blue shifts. These blue
shifts were attributed to the higher confinement energy of the QDs in
the ionic liquid systems19–21.

Self–arrangement of quantum dots in DSSCs. There are two states
in which QDs reside inside the DSSCs; first, they are mobile in the
electrolyte, and second, they penetrate into the pores of the photo–
electrode. To determine how the QDs are arranged in the solar cells,
we performed an ex–situ analysis on two domains: 1) the electrolyte,
and 2) the TiO2 photo–electrode. First, we imaged the ionic liquid

Figure 1 | Proposed mechanism (left) and expected spectra (right) for broadband energy transfer via. (a) Föster resonance energy transfer (FRET),

where the QDs transfer the energy to the dye due to a strong resonant frequency (indicated by the overlap between the absorption of the dye and the

emission of the QD). (b) Co–sensitization, where the QD helps the dye co–absorb photons in a different range and then activates the redox regeneration,

thus accelerating the generated electrons to the TiO2. (c) Two–photon absorption, where the QD is capable of simultaneously absorbing high (Vis–range)

and low (IR–range) photon energies, thus inducing energy transfer to the dye via resonance. These contributions increase and broaden the overall external

quantum efficiency (EQE).
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containing the CdSe QDs using transmission electron microscopy
(TEM). According to the TEM images, the QDs are homogeneous in
size and are well dispersed without agglomeration in the electrolyte
(Figure S4a–d). Second, we acquired a cross sectional image of the
TiO2 photo–electrode using scanning electron microscopy (SEM).
According to SEM elemental mapping based on energy dispersive X–
ray spectroscopy (EDX), the CdSe QDs permeate into the TiO2

photo–electrode (Figure S4e–f). This result may be due to the
smaller sizes of the QDs (2.16–3.60 nm) relative to the pores of the
TiO2 (,18.2 nm). Although most of the QDs are present in the
electrolyte as expected, it is inevitable that some of the QDs will
attach to the surfaces of the TiO2 nanoparticles (NPs). To quantify
the amount of QDs attached to the TiO2 surfaces, we provide
quantification based on UV–Vis spectroscopy analysis (Figure S5).
The analysis shows that the amount of QDs present on the TiO2 is
much lower than that available in the electrolyte, thus indicating that
the QDs are mobile. In fact, the synergy of these two domains was
directly examined from their photovoltaic characteristics.

Broadband enhancement by QDs and their solar cell characteris-
tics. An ionic liquid mixture of CdSe QDs and redox compounds was
introduced into the DSSCs to evaluate their effect on performance.
The devices containing green QDs, yellow QDs, orange QDs, and red
QDs, are herein denoted as G–QD, Y–QD, O–QD, and R–QD,
respectively. The absorption of the bulk device shows significant

enhancement upon the introduction of QDs compared to the refe-
rence cells. The maximum value is observed for R–QD, with pro-
gressively lower values for O–QD, Y–QD and G–QD (Figure 2a).
This trend is confirmed by EQE measurements, where the photon–
to–current efficiency is on the highest for R–QD, and decreases for
O–QD, Y–QD, and G–QD (Figure 2b). This trend indicates that the
dye absorbs additional energy supplied by the QD mediators. The
EQE results were confirmed by the J–V curves, which exhibit
the same trend of enhancement (Figure 2c). The power conversion
efficiency (PCE) obtained when using QD mediators is 4.62% for R–
QD, 4.44% for O–QD, 3.56% for Y–QD, and 3.26% for G–QD
compared to a PCE of 2.31% for the reference cells (Supplemen-
tary Information Table S1). All of the QDs, regardless of their size,
successfully improve the photon absorption of the dye, thereby
increasing the efficiency of the cells throughout the entire UV–
visible range (300 to 800 nm).

The EQE enhancement obtained for the DSSCs containing QDs
reveals their exceptional performance compared to DSSCs contain-
ing plasmonic and scattering nanoparticles (NPs) (Figure 2d). The
plasmonic and scattering layers were constructed by embedding
10 nm–sized silver NPs and 400 nm–sized titanium dioxide NPs,
respectively. The enhancement due to the plasmonic NPs was similar
to that of scattering NPs in the range of 300–450 nm and 650–
750 nm, in which the plasmonic particles exhibited an approxi-
mately 2 fold higher EQE. This trend may be due to the smaller sizes

Figure 2 | Broadband enhancement by QDs and their solar cell characteristics. (a) Absorption of bulk solar cells containing different CdSe quantum

dots (QDs). (b) External quantum efficiency (EQE) of solar cells with QDs showing broadband energy transfer. (c) Current density–voltage (J–V)

curve of solar cells under the AM 1.5 standard; the solar cell parameters are tabulated in Table S1. (d) EQE enhancement of solar cells containing QDs

(red QDs; pink line), Ag plasmonic nanoparticles (,10 nm; blue line), TiO2 scattering layer (,400 nm; green line), and reference cells (without QDs;

black dashed line). (e) Calculated scattering power of individual CdSe QDs (pink line), Ag plasmonic (blue), and TiO2 scattering layer (green). (f) Images

of electrodes on the reference devices (1, 5), TiO2 scattering layer (2, 6), Ag plasmonic nanoparticles (3, 7), and CdSe QDs (4, 8). The solar cells employing

QDs exhibit semi-transparency on both sides (photo and counter–electrode).
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of the plasmonic NPs in comparison to scattering NPs, which allow
them to permeate into the porous photo–electrode and interact clo-
sely with the dyes. The unusual enhancement observed for the QD
mediator far exceeds that of the cells containing scattering and plas-
monic NPs, particularly in the range for the first excitonic peak of
the dye (450–650 nm). The cross–section of scattering power for the
QDs, plasmonic NPs and scattering NPs is also calculated via the
optical simulation (Figure 2e). More details for the optical simulation
have been described in the Supplementary Information. The scatter-
ing NPs exhibit the highest power over the plasmonic NPs and the
QDs in the entire visible range (300–800 nm). This indicates that
the EQE enhancement by scattering NPs is originated mainly from
the optical photon scattering. Meanwhile, the plasmonic NPs can
localize the electric field of photons, as supported by the appearance
of the peak in the range of 380–480 nm. This localized field can
amplify the photon absorption of the dye; therefore it has a similar
enhancement to that by scattering NPs, albeit with an approximately
double EQE enhancement. However, the EQE enhancement by the
QDs cannot be explained in terms of a localized surface plasmon
because the free electron density of the QDs is not significant enough
to provide a resonance interaction with the incoming photons unless
doping atoms are introduced into the QDs10. Moreover, the phenom-
enon cannot be attributed to increase optical scattering of photons
because the QDs is much smaller than the wavelength of visible light.
This deduction implies that the QDs most likely through a relatively
different mechanism.

An additional feature of the DSSCs containing QDs is their
employment in semi–transparency devices, compared to the ref-
erence and those with plasmonic or scattering NPs (Figure 2f).
Qualitatively, the transparency of the thin cells with the QDs is
comparable on both sides: the photo–electrode and the counter–
electrode. The QDs is quite stable in the ionic liquid. When light
passes through the electrolyte, the QDs filter the light through
photon absorption, thus reducing the probability of direct photon
absorption by the redox ions. Consequently, upon light absorption
by the QDs, radiative decay will occur by photon emission, which
may explain why the cell containing QDs in ionic liquid electrolyte
exhibits a higher transparency (Figure S6) compared to the cell with-
out QDs. In addition, the electrolyte containing QDs penetrates to
the porous photo–electrode, thus making both sides of devices semi–
transparent. This result enables DSSCs to receive more photons from
both sides11, which leads to an increased efficiency. In contrast to the
normal belief that a darker cell has a higher absorbance capacity, we
find that mobile QD–mediated solar cells are exceptional and may be
used in the fabrication of thin high–efficiency solar cells.

We tried to correlate the EQE (Figure 2b) based on the optical
feature of absorption (Figure S2) and emission (Figure S3) of the
QDs. The enhancement over the full range spectra can be explained
by the broadband enhancement via two different linear energy trans-
fer mechanisms: Föster resonance energy transfer and Co–sensitiza-
tion enabling the efficient reduction of oxidized dyes, as well as a
non–linear energy transfer process involving two–photon absorp-
tion. All QDs used in this study show different sequential enhance-
ment in different mechanism which is more correlated with their
bandgap relative to the dye.

Föster resonance energy transfer (FRET). The contribution of the
FRET effect can be clearly observed by employing a thin layer of
photo–electrode (,4 mm) in the DSSCs. We found that all of QD
devices exhibited a higher EQE through the entire visible range
compared to the cell without QDs (Figure S7). The cell with G–
QD showed the highest EQE values, followed by Y–QD, O–QD,
and R–QD. The maximum EQEs of devices employing QDs corres-
pond to approximately 530 nm, which closely corresponds to the
first excitonic absorption of the dye at 533 nm. This indicates that
the QDs direct additional photons to the dye, therefore improving

the dye absorption. To investigate how the QDs improve the dye
absorption, we normalized all EQEs according to their wavelength
at the maximum EQE (Figure 3a). We found ‘‘bump’’ EQEs for G–
QD and Y–QD, in contrast to ‘‘steep’’ EQEs for O–QD and R–QD at
similar ranges of 380–530 nm. The reference EQE is positioned
lower in than the ‘‘bumps’’, but higher than the ‘‘steep’’ EQEs. We
also utilized a hybrid QD by mixing G–QD and Y–QD in a device
construct, which displays an even higher EQE compared to the
single–QD devices (G–QD or Y–QD), as shown by Figure 3b.

Optical spectroscopy measurements were conducted to explain
the EQE (see method). Figure 3c shows the emission–absorption
overlap between the QDs and the dye. The broad absorption spec-
trum of the dye (400–700 nm) shows good overlap with the emission
of all of QDs (430–679 nm). This overlap is a fundamental require-
ment for energy transfer (ET) between the QDs and the dye, which is
driven by their molecular transition at the resonance frequency4,9.
The G–QD and Y–QD have the emission peak at 488 nm (2.54 eV)
and 521 nm (2.38 eV), respectively. These QDs are more likely to
transfer energy to the dye (first excitonic peak at 533 nm; 2.32 eV)
than O–QD (564 nm, 2.12 eV) and R–QD (599 nm, 2.07 eV). The
ET preferably occurs from higher emission energies (2.54 eV for G–
QD, and 2.38 eV for Y–QD) to lower absorption energies (2.32 eV
for the dye). The efficiency of the ET was calculated based on emis-
sion time decay measurements (Figure S8). First, the dye was gradu-
ally added in various concentrations to G–QD in a solution mixture.
The emission lifetime (t) of G–QD decreased gradually with
increased dye concentrations (Figure 3d), indicating a successful
ET from G–QD to the dye. Second, in a similar way, Y–QD was
added to G–QD, and it was revealed that ET occurred from G–QD
to Y–QD, albeit with less efficiency (Figure 3e). Third, redox ions
were added to the solution mixture of the G–QD (Figure 3f). ET still
took place, but it showed a photo–bleaching effect of the QDs by the
redox ions4–7. The ET was estimated by adopting the FRET theory
reported by Lunz et al.9 using the following equation:

ET~
1

1z
2R4

Cacc:p:R6
0

ð1Þ

where R is the distance between the QDs (transmitter) and the
acceptor species, Cacc is the acceptor concentration, and R0 is the
Föster radius. We estimated the ET for the aforementioned sets at
approximately 40.9% from G–QD to the dye and 12.9% from G–QD
to Y–QD. The presence of redox compounds could be detrimental
for the ET with its deficiency of 7.6%.

According to these optical spectroscopy analyses, the EQE results
indicate that the EQE enhancement caused by the QDs could be
driven by a strong emission–absorption overlap between the QDs
and the dye, which leads to ET. However, the more dominant ET is
driven by G–QD and Y–QD rather due to their higher emission
energy in comparison to the absorption energy of the dye. An even
higher ET could be achieved by mixing G–QD and Y–QD, so that the
ET would occur through a cascade process from G–QD to Y–QD and
then from Y–QD to the dye (in addition to the direct ET from G–QD
to the dye). This can be proven by the highest EQE obtained using the
hybrid QDs. The EQE enhancement in the range of 430–533 nm
could be explained by the contribution of emission spectra from
G–QD and Y–QD. However, the EQE enhancement appears to be
started from 380 nm and this blue shift might be due to the higher
reflective index medium of QDs inside the real device compared to
the solution mixture. According to the FRET mechanism, at the first
excitonic peak of the dye (533 nm) that the maximum for emission of
QDs could contribute for ET, the G–QD and Y–QD have ‘‘bumps’’,
but O–QD and R–QD have ‘‘steeps’’. The EQE data also shows
significant enhancement in the range of 533–800 nm, which implies
that the FRET is not the single effect, instead there must be another
mechanism governing the latter enhancement range.

www.nature.com/scientificreports
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Co–sensitization enabling the efficient reduction of oxidized dyes.
To analyze this effect, we examined the device performance with a
thicker photo–electrode (,10 mm). First, we measure the back side
EQE (Figure 4a). Directing the photon toward the back side electrode
of the solar cells enables us to collect a higher spectra response
generated from the electrolyte containing QDs. The results showed
that all QDs give a higher EQE response compared to the reference
cell. R–QD gives the highest EQE, followed by O–QD, Y–QD, and
G–QD. Accordingly, a similar trend was also observed for the front
side EQE, as shown in Figure S9. The enhancement occurs is in the
range of 500 to 800 nm with a slight red–shift as the EQE increases. It
should be noted that the QDs do not absorb photons in the range of
620–800 nm. Typically, the absorption loss of DSSCs is partly due to
photon absorption by redox ions in the electrolyte, which does not
contribute to the current generation. The presence of QDs in the
electrolyte reduces the absorption loss due to the photon filtering
process of the QDs in the electrolyte. Figure 4a supports that the
presence of the QDs in an electrolyte plays their role in reducing this
loss. Consequently, these results imply that the QDs most likely
mediate the reduction process between the dye and the redox ions.

To justify the above hypothesis, we plotted the dynamic trend of
the redox diffusion coefficient versus light intensity (Figure 4b),
which were derived from electrochemical impedance spectroscopy
(Figure S10). All of the QDs accelerate redox diffusion in the elec-
trolyte, which is desirable for achieving high–efficiency devices. The
diffusion enhancement trend is matched by the EQE data. The pro-
cess is more efficient at higher photon illuminations, which implies
that the presence of the QDs alone will not affect the redox diffusion
if not enough light is present. Meanwhile, the statistical data of the
back side EQE demonstrate that the QDs do not significantly affect
the electro–catalytic characteristics of the platinum counter electrode
(Figure S11).

To further examine the enhancement trend, we provide absorp-
tion data for all of the QDs and dye in solution (Figure 4c). There is a
strong absorption overlap between the dye and the QDs; R–QD has
the greatest overlap with the dye, followed by O–QD, Y–QD, and G–
QD. The characteristics of the absorption overlap are related to the
co–sensitization concept. However the QDs do not directly co–sens-
itize the TiO2 due to their mobile state in the electrolyte. In addition,
the absorption transient of the dye attached to the TiO2 was exam-
ined in the presence of redox ions and redox-containing QDs. The
absorption transient (see Methods) is assigned to the oxidized state of
the N–719 dye used in this study. We estimated the lifetime of oxi-
dized dye for each curve: 30 ms for R–QD, 38 ms for O–QD, 44 ms for
Y–QD, 50 ms for G–QD, 58 ms for redox only, and 163 ms for no
redox (see Methods). The lifetime indicates how quickly the oxidized
dye can be regenerated by redox ions in an electrolyte. This exam-
ination reveals that R–QD is most efficient for co–sensitization
enabling the fast regeneration of the oxidized dye, followed by O–
QD, Y–QD, and G–QD. The redox reduces the absorption lifetime of
the oxidized dye, which is further decreased by the addition of QDs
(showing the same trend).

Because the QDs do not absorb in the range of 620–800 nm, the
EQE enhancement in this range does not originate from increased
photon absorption, but from the mediation of QDs in activating the
reduction process between the dye and the redox ions. The driving
force for this trend is the absorption overlap between the QDs and
the dye. This overlap is most likely due to co–photon absorption
channels: one channel for direct electron injection to the TiO2 and
another channel to activate the redox reduction toward the dye. The
nature of the thiol surface ligands on the QDs may also play a role in
this phenomenon12,13.

Two–photon absorption (TPA) and its photon–to–current effi-
ciency. The superposition of the dye–QDs in our system enables the

Figure 3 | Föster resonance energy transfer (FRET). (a) Normalized EQE of the solar cells (the EQEs were normalized to more clearly demonstrate the

FRET effect). (b) EQE enhancement of hybrid QDs (mixed G–Y QDs). (c) Absorption–emission overlap between N719 dye and CdSe QDs. Energy

transfer (ET) efficiency versus concentration between: (d) Transmitter G and receiver dye; (e) Transmitter G and receiver Y; (d) Deficiency of ET due to

photo–bleaching of transmitter G to redox ions.
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demonstration of two–photon absorption (TPA)14. The TPA process
was confirmed by absorption spectroscopy and EQE measurements
in the near IR range (900–1200 nm). We compared the primary
(300–600 nm) and secondary (900–1200 nm) absorption of CdSe
QDs capped with original amino–based ligands in toluene, where
the secondary absorption occurred in the near IR range (Figure 5a).
These secondary absorption energies are approximately half of the
primary absorption energies in the visible range and with absorption
intensities 42% lower than the primary intensities.

More pronounced confined peaks for secondary absorption were
observed after the thiol functionalization of CdSe QDs in ionic liquid
solution (Figure 5b). A red shift was observed as the QD size
increased. This behaviour implies that the thiol ligands covering
the QD surfaces and the high cation–anion density of the ionic liquid
surrounding the QDs may play a role in redistributing the electronic
charges, thus increasing the confinement of energy states. Regarding
this signature, an interesting question arises as to whether the sec-
ondary absorption at the lower photon energies contributes to the
photon–to–current generation.

To assess the improvement of the photon–to–current efficiency
within the IR range, EQE measurements were performed (Figure 5c).
The near–IR EQEs (900–1200 nm) observed for the cells with QDs
are typically small (see Methods) compared to their visible EQE
(300–800 nm). The yellow QDs exhibited the highest EQE among
all of the QDs, which is most likely attributed to their higher second-
ary absorption intensity. To observe the actual photon–to–electron
process generated by the QDs in this system, the near–IR EQE data
were divided according to their corresponding absorption to extract

the value of the absorbed photon–to–current efficiency (APCE)15

based on the following equation:

APCE~
EQE

1-10-abs
ð2Þ

In Figure 5d, the APCE values are plotted versus the ratio between
the photon energy (Ehn) and the QD band gap (Eg). Overall, six
critical peaks (Ehv/Eg 5 0.41, 0.44, 0.49, 0.53, 0.55 and 0.58) were
obtained; three of these peaks match well with theoretical simu-
lation16. Only the cells containing G–QDs and Y–QDs have max-
imum APCE values exceeding 100%; the maximum was observed in
the device with Y–QDs (200%) at 0.49 (,1/2 Eg). This APCE indi-
cates that two photons were simultaneously absorbed by the QDs and
shows that the cell efficiency can also be enhanced by utilizing a non–
linear mechanism in DSSCs with non–concentrated light. The
energy range of 1.24 to 1.12 eV (lower than the QD bandgap of
,2.64 to 2.21 eV) is still energetically favorable for photon collection
and current generation, although Ru–dye (N719) cannot absorb in
this energy range. This feature offers a prospect in utilizing QDs as
up–converters in DSSCs by transforming lower–energy photons to
higher–energy photons.

Device optimization. To maximize cell performance, one strategy is
to hybridize CdSe–PbSe QDs, where the calculated bandgaps of CdSe
and PbSe are 2.37 eV, and 0.94 eV, respectively (Figure S12). The
hybrid CdSe–PbSe QDs also demonstrate an evidence of broadband
energy transfer based on a broad EQE enhancement in the UV–Vis
range (Figure S13a). This enhancement implies that PbSe QDs and
CdSe QDs could work as p–n junctions when their energies are

Figure 4 | Co–sensitization enabling the efficient reduction of oxidized dyes. (a) Back side EQE of solar cells (inset: illustration of a photon directed to

the counter electrode side to collect higher EQE responses generated by the electrolyte region). (b) Dynamics of redox diffusion (Dred) versus illumination

power (Dred was calculated from electrochemical impedance spectroscopy). (c) Absorption–absorption overlap between N719 dye and CdSe QDs.

(d) Absorption time decay of oxidized dye attached to TiO2 films measured in a solution containing redox components and QDs.
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aligned17,18. The PCE value obtained using this hybridization in an
ionic liquid electrolyte is 6.04% (Figure S13b), while the PCE is 4.94%
for the single PbSe QDs. The PCE enhancement is dependent on the
Jsc and Voc values. The lower Voc values for the PbSe QDs might be
due to a downward shift of the TiO2 conduction band edge relative to
the electrolyte containing PbSe QDs, and an upward shift may occur
for the CdSe QDs, such that the cell on CdSe QDs has a higher Voc

than that of the PbSe QDs. In addition, we find that the co–
sensitization of dyes and PbS QDs to mobile CdSe QDs in an
acetonitrile–based volatile electrolyte also boost the efficiency to
8.83% (Supplementary Information Figure S13 and Table S2)
compared to 6.76% for the reference cell. These enhancements in
non–volatile and volatile electrolytes demonstrate that mobile
semiconductor quantum dots in electrolyte are very effective for
boosting solar cell efficiency without any additional plasmonic or
scattering layer, which has thus far limited the fabrication of thin
and transparent solar cells.

Discussion
This report has demonstrated that the performance of dye–sensitized
solar cells can be dramatically increased by using quantum dots (i.e.
CdSe, and hybrid CdSe–PbSe) dispersed in ionic liquid electrolyte.
Two sets of data have been provided to support the role of QDs: 1)
optical spectroscopy data showing that CdSe QDs serve as effective
photon mediators for the dye and significantly increase the broad
absorption of the sensitizing dye over the entire UV–Vis (300–
800 nm) and in part of the near IR range (900–1200 nm); and 2)

external quantum efficiency (EQE) measurements showing that QDs
markedly improve the photon–to–current efficiency via broadband
energy transfer mediated by the QDs to the dye. This broadband
energy transfer was demonstrated based on linear and quadratic
mechanisms. The linear process was based on Föster resonance
energy transfer (FRET) and co–sensitization of quantum dots, which
facilitates the efficient reduction of oxidized dyes. The quadratic
process was analyzed by two–photon absorption (TPA). Moreover,
the sequential trend of each contribution by the QDs was found to
vary in each mechanism.

Methods
Synthesis of functionalized quantum dots. All chemicals were purchased from
Sigma Aldrich unless otherwise specified. CdSe quantum dots were synthesized using
the organo–metallic synthesis method in the presence of amine organic coordinating
ligands19,20. The growth rate of the QDs was controlled by the reaction times and
temperatures which determine the bandgap. Toluene and hexane (Duksan Chemical)
were sequentially used to dilute and store the initial QDs. QDs capped with thiol
ligands were prepared as follows: First, 18 mL of original amino QDs in toluene was
mixed with 9 mL of a 0.5–0.1 M methanol solution of 2–dimethylaminoethane–thiol
hydrochloride (DAET). The mixture was then stirred overnight at room temperature
with argon under dark conditions until slight flocculation was observed, and a total of
3 mL of distilled water was sequentially added every 20–40 minutes. Separation of the
system into two parts (toluene above water), in which QDs were transferred into the
water phase, was observed after stirring for 3–4 hours. Un–reacted chemicals were
removed by decanting and by a rotary evaporator at aspirator pressures. To extract
the QDs from the water, 9 mL of ionic liquid, 1–ethyl–3–methylimidazolium bis
(trifluoromethylsulfonyl) imide (EMIm–TFSI) was added and then was vigorously
shaken until all of the QDs were transferred into the ionic liquid below the water
phase. Any remaining traces were removed until the mixture was visibly clear. The

Figure 5 | Two-photon absorption (TPA) and its photon-to-current efficiency. (a) Absorption of four different CdSe QDs in toluene with two distinct

peaks in the visible range (,450 nm to 600 nm) and near–IR range (,900 nm to 1200 nm). (b) Absorption of the CdSe QDs in ionic liquid at the

near IR range. (c) The near–IR EQE of cells with QDs. (d) Absorbed photon–to–current efficiency (APCE) of cells with QDs versus v/Eg(the incoming

photon energy divided by each QD band gap) showing broad spectral spreading in which the TPA transition is represented by six peaks (dashed blue

lines), three of which match well with theoretical simulation [16](solid blue lines). The thickness of the TiO2 photo–electrode is ,8 mm, and the data were

measured under the AM 1.5 G standard.
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synthesis of PbSe–QDs21 typically involve the reaction of as–synthesized oleic acid–
(OLA–) capped PbSe–QDs with 1–octadecene as a reaction medium with dithiol
sodium (DT) at a relevant concentration with respect to the OLA (551 in our work).
The functionalization sequence of the CdSe QDs was also applied to the PbSe QDs.

Device fabrication. FTO glass (TEC15, 15 V/sq, Pelkington, USA), 1.5 3 2 cm, was
sequentially cleaned with triton–X, acetone, and ethanol in an ultra–sonication bath,
each for 20 minutes. The clean FTO was dried under a nitrogen gas flow before TiCl4
treatment. The TiCl4 treatment was conducted by immersing the clean FTOs into
40 mM TiCl4 solution at 80uC for 30 min and then rinsing with water and ethanol.
The photo–electrode pastes (Ti–Nanoxide, Solaronix) were then doctor bladed onto
the FTO substrate, followed by gradual sintering steps at 150uC (20 min), 350uC
(15 min), and 500uC (30 min). The surface of the photo–electrode (PE) was cleaned
using UV ozone treatment (30 min) before being immersing the PE into a 0.3 mM
acetonitrile/tert–butanol (151) solution of N719 dye for 20 hrs at 2 , 8uC. The
counter–electrodes (CEs) were prepared by dip–coating of drilled–clean FTO in
0.06 mM chloroplatinic acid hexahydrate (H2PtCl6.6H2O) in ethanol solution
followed by sintering at 380uC (20 min). The PE and CE were sandwiched with
Surlyn film (60 mm, Solaronix) used as a sealing agent at 80uC. The electrolyte based
on EMIm–TFSI ionic liquid consisting of EMIm–I (0.5 M), tBP (0.36 M), I2

(0.13 M), and I3
2 (0.01 M) was injected into the cell through the holes drilled on the

CE.

Optical characterization. The absorption spectra were obtained using UV–Vis–NIR
spectrophotometers (UV–3600, Shimadzu) with a 150 mm integrating sphere. The
emission spectra were recorded using a PL system composed of a monochromator
(0.1–0.3 nm triple grating, Acton series spectrograph (ARC) 300i spectrometer, NCL
controller, Princeton Instrument), a 532-nm solid state laser diode (Spectra Physics)
light source with high power (40 mW), and a detector (MCP–PMT, Hamamatsu).
The absorption time decay was measured using nanosecond time–resolved
absorption spectrum analysis (C7700 Hamamatsu) with a nanosecond Q–SW YAG
laser (l 5 532 nm, 30 Hz repetition rate, and 23–50 mJ cm21/pulse). The emission
time decay was determined from time–resolved PL decay measurements performed
using a PL 920 emission lifetime apparatus (Edinburgh Instrument), with a 100-ps to
50-ms lifetime range (TCSPC), an excitation range of 375 nm to 470 nm, and a
repetition–rate range of 10 kHz to 100 MHz.

Photovoltaic characterization. Current density–voltage (J–V) data were measured
under simulated AM 1.5 G illumination at 100 mW/cm2 (PEC–L 11, Peccell
Technologies) with less than a 25% spectral mismatch and a thermostat controller (set
to 23 , 26uC). The active area of each cell was carefully determined with a digital
microscope (0.16 6 0.02 cm2). EQE spectra were recorded using a spectrum
measurement system (PEC–S2026, Bunkoukeiki Co. Ltd.), composed of a Xenon
lamp light source (150 W), a monochromator with a 600–grooves/mm grating, and a
0.1 mm slit that provides 6 2 nm or less wavelength accuracy. The EQE
measurement was screened in two steps: in the UV–Vis range of 300–800 nm and
then in the near-IR range of 900–1200 nm by different calibrations. The absolute
EQE values in the near-IR range were validated by: 1) comparing the data with the
EQE of cells without QDs as a baseline; 2) correcting the data with the maximum
attainable value from noise (, 0.01%); 3) verifying the accuracy using two different
calibrated photodiode standards (Vis–near IR Si and near IR–IR Ge); and 4) using a
five–time shatter resistant filter, which was calibrated with the SiPD spectra
sensitivity to detect a small photocurrent signal. All of the representative data were
collected from 10–15 measured cells for each treated condition with 86% accuracy.
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