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For improvement of the conversion efficiency of solar cells, it is important to make effective use of near-

infrared light, which accounts for about 40% of sunlight energy. Although solar cells based on

quantum dots (QDs) such as PbS have been studied for the use of near-infrared light, their
photoabsorption is not necessarily sufficient. In this study, we coupled PbS QD-sensitized solar cells with
plasmonic Au nanoparticles (NPs) as light-harvesting antennae. As a result, the photocurrents of the
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cells were enhanced in the visible and near-infrared regions (500-1200 nm) due to interparticle plasmon
coupling of spherical Au NPs. The maximum enhancement factor was 6. We also found that the optimum
QD-NP spacing is shorter and that the maximum enhancement factor is higher when smaller QDs are

used. These results suggest that a negative effect, quenching via energy transfer from QD to NP, is less

www.rsc.org/pccp significant for smaller PbS QDs.

1 Introduction

Quantum dot solar cells (QDSCs) prepared using a chemical
process attract attention as one of the cost-effective and efficient
next generation solar cells." QDs are semiconductor nanoparticles
with diameters smaller than the Bohr radius of their exciton.
QDSCs are characterized by high quantum efficiency and optical
and thermal stability.” It is easy to control the light absorption
wavelength of QDs by changing their size. Therefore, absorption
spectrum of a QDSC can be matched to the solar spectrum.’
An additional advantage of QDSCs is the multiple exciton
generation (MEG), which improves energy usage due to generation
of two or more electron-hole pairs by a single photon with energy
at least twice the bandgap energy.*> Chemically processed QDSCs
are generally categorized into (1) Schottky junction QDSCs,°
(2) hetero-junction QDSCs,””® and (3) QD-sensitized solar cells
(QDSSCs).”™*"  Although chemically processed QDSCs have
achieved high external quantum efficiency (EQE) in the visible
light region (80% at 400 nm), the efficiency is relatively low in
the near-infrared region (30% at 1000 nm).® In order to improve
the EQE, it is necessary to increase the light absorption in the
near-infrared region. However, if the QD layer is thickened for an
increased absorption, the internal resistance of the cell also
increases.
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Recently, it has been reported that plasmonic metal nano-
particles (NPs) such as Au'*** and Ag"®™"” NPs enhance photo-
currents of solar cells. The enhancement effect is believed to be
based on localized surface plasmon resonance (LSPR) of the
NPs. The NP collects photons by LSPR, and generates a strong
oscillating electric field (i.e. optical near field) that is localized
in the vicinity of the NP.'® The localized electric field can
enhance the photocurrents by exciting electrons of dye mole-
cules or semiconductor more efficiently than incident far field
light. In the previous studies of the absorption enhancement of
QDSCs by plasmonic NPs, the absorption edge wavelengths
of the QDs and NPs employed were 900 nm and 800 nm,
respectively, or shorter."”?® We have recently shown that Ru
dye-sensitized photocurrents can be enhanced even in the near-
infrared region by using an interparticle plasmon coupling
effect of spherical NPs, without using anisotropic NPs such as
nanorods, which are thermally less stable.>* However, since the
absorption edge wavelength of the dye used was shorter than
900 nm, photocurrent enhancement in the longer wavelength
region has not been achieved. Based on these, here we used PbS
QDs, the absorption edge of which is 1300 nm, to verify the
plasmonic enhancement effect in the near-infrared region. We
also examined the influence of the QD-NP spacing and the QD
size on the enhancement effect. Thus obtained results would
contribute to effective use of near-infrared light for solar cells,
photocatalysts and improvement in efficiency of fluorescence
and electroluminescence of QDs.

In this work we prepare two-dimensional indium tin oxide (ITO)/
Au NP/TiO,/QD photoelectrodes (Fig. 1a), in which the QD-NP
spacing can be controlled by changing the TiO, thickness.'**®*%2!
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Fig. 1 Schematic illustration of (a) the photoelectrochemical cell with the ITO/
Au NP/TiO,/PbS QD electrode and (b) that with the ITO/TiO,/PbS QD electrode.

The present system also allows us to examine effects of the QD
size. If we deposit QDs in a nanoporous TiO, film, which is used
for conventional dye-sensitized solar cells, QD suppresses trans-
port of redox species in the nanopores, as the QD size increases.
Therefore, dependence of the enhancement on the QD size
cannot be separated from the mass transport effect. Our objective
is a fair comparison of the photoelectrodes containing Au NPs
(Fig. 1a) with those without Au NPs (Fig. 1b).

2 Experimental section
2.1 Preparation of the photoelectrodes

Smooth ITO-coated glass plates (Kuramoto) were modified
using (3-aminopropyl)triethoxysilane, and Au NPs (diameter =
100 nm, Tanaka Kikinzoku) were immobilized onto the surface.
The ITO with or without Au NPs was coated with a thin TiO, film
prepared using a spray pyrolysis method."*?"*> The thickness of
the TiO, films was determined based on scanning electron
microscopy (SEM) data to be 5-35 nm (ESIf). The thickness
was 9.0 £ 2.5 nm (mean =+ standard deviation, n = 8) unless
otherwise noted. It was also confirmed using SEM that Au NPs
were completely and evenly coated with the TiO, films."> Pbs
QDs*? were prepared using the successive ionic layer adsorption
and reaction (SILAR) method® " through alternate spin-coating
with water-methanol solution (5:95 by volume) of 5 mM
Pb(NO;), and 5 mM Na,S. We characterized the deposited PbS
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QDs using SEM and atomic force microscopy (AFM). X-ray
diffraction patterns for the PbS QDs (20 SILAR cycles) showed
that the particles are face-centered cubic PbS.>*

2.2 Photoelectrochemical measurements

Photocurrents of the obtained ITO/Au NP/TiO,/QD or ITO/TiO,/
QD electrode (electrode area = 0.196 cm?) were examined by
constructing a two-electrode cell (Fig. 1) with a platinum-coated
ITO counter electrode. The gap between the electrodes (50 pm)
was filled with N,-saturated water containing 0.1 M Na,S.*’
Short-circuit photocurrents were measured using a potentiostat
(SI1280B, Solartron) under light at 460-1400 nm at a constant
photon flux (6.0 x 10*® photons cm > s ) from a xenon lamp
(460-900 nm) or a halogen lamp (1000-1400 nm) equipped with
a band-pass filter (full width at half-maximum = 10 nm). The
drift of the photocurrent during a series of measurements was
smaller than 11%.

3 Results and discussion
3.1 Absorption and amounts of deposited PbS QDs

First we prepared ITO/TiO,/QD electrodes (Fig. 1b). The PbS
QDs were deposited on the TiO, thin film (9 nm thick) using
the SILAR method.”™" It is known that the average QD size
increases as the SILAR cycle is repeated.”® Actually, the height
of the PbS QDs prepared by 2, 5 and 10 SILAR cycles was
evaluated using AFM (Fig. 2a—c) to be 5.2 £ 0.2 nm, 9.1 +
0.5 nm and 15.2 + 0.7 nm, respectively (mean + standard
deviation, n = 15).

The QDs exhibit light absorption in the visible and near-infrared
region (Fig. 3a). As the number of SILAR cycles increased from

Fig. 2 (a—c) AFM images of PbS QDs (2, 5 and 10 SILAR cycles for a, b and c,
respectively) on the TiO, surface and SEM images of (d) ITO/Au NP/TiO, and
(e—g) ITO/Au NP/TiO5/PbS QD (2, 5 and 10 SILAR cycles for b, ¢ and d,
respectively) electrodes. Anp/Ag = 0.05 and TiO; thickness = 9 nm.
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Fig. 3 (a) Absorption spectra of TiO,-coated Au NPs on ITO and PbS QDs (2, 5

and 10 SILAR cycles) on TiO, and (b) action spectra of photocurrent enhance-
ment factor for ITO/Au NP/TiO,/PbS QD electrodes. Inset shows action spectra of
EQE of the electrode with and without Au NPs (5 SILAR cycles). Axp/Ag = 0.05 and
TiO; thickness = 9 nm.

2 to 10, the absorption edge wavelength was redshifted from
800 to 1300 nm. This redshift indicates a decrease in the
bandgap of the QDs. The redshift is reasonable because it is
known that the bandgap decreases as the QD size increases.

Next we embedded 100 nm diameter Au NPs into the TiO,
thin film (9 nm thick) to obtain ITO/Au NP/TiO,/QD electrodes
(Fig. 1a). The occupancy of the NPs, Ayp/Ag, where Ayp is the
projected area of Au NPs and Ag, is that of the electrode surface,
was 0.05. We have reported previously that the interparticle
spacing of some Au NPs is short enough at Axp/Ag = 0.05 to
exhibit the plasmon coupling effect so that NPs absorb near-
infrared light and generate localized electric field even at
>850 nm.>" Actually, the sample thus obtained exhibits an
absorption even in the near-infrared region. The peak and the
absorption edge were observed at ~600 nm and >1400 nm,
respectively (Fig. 3a). The absorption band overlaps well with
that of the PbS QDs, so that it is expected that the Au NPs
enhance the absorption of the QDs.

Fig. 2e-g shows SEM images of the electrodes prepared by 2,
5 and 10 SILAR cycles. Amounts of PbS QDs deposited on the
ITO/Au NP/TiO, electrode (W,,) were measured and compared
with those deposited on the ITO/TiO, electrode (Weoneol)- PbS
QDs on an electrode were dissolved in 1 M HNOj; (3 mL) and the
amount of Pb>" in the solution was determined using inductively
coupled plasma-mass spectrometry (ICP-MS). Ratios of the PbS
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amount Wy,/Weonwrol Were determined to be 1.11 + 0.08, 1.20 +
0.09 and 1.23 £ 0.19 (mean =+ standard deviation, n = 3), for
QDs prepared by 2, 5 and 10 SILAR cycles, respectively.

3.2 Enhancement of QD-sensitized photocurrents

Next we examined effects of the Au NPs on QD-sensitized
photocurrents. We prepared thin layer cells (Fig. 1) and
observed anodic short-circuit photocurrents for the ITO/Au
NP/TiO,/QD and ITO/TiO,/QD electrodes prepared by 5 SILAR
cycles. External quantum efficiencies (EQE) for QD electrodes
with and without Au NPs are plotted against the irradiation
wavelength in the inset of Fig. 3b. The anodic photocurrents are
ascribed to electron excitation from the valence band (VB) to
the conduction band (CB) of PbS QDs and injection of the
excited electrons to the TiO, CB accompanied by electron
transfer from the electron donor in the electrolyte (S>7) to the
Pbs VB*?3227 (Fig. 4).

Although there is concern that using large PbS QDs is
disadvantageous for electron injection from the PbS CB to the
TiO, CB due to close energy levels,” it is reported that the
electron transfer is possible for PbS QDs of 9.9 nm diameter in
a S/S> electrolyte at pH 13.?% According to a previous report,>®
it is expected that the CB level of PbS QDs shifts positively by
about 60 mV as the QD size increases from 9.9 nm to 15 nm.>’
On the other hand, in the S/S>~ electrolyte at pH 12 used in this
study, the TiO, CB level is more positive by about 60 mV than
that in ref. 28, because the TiO, CB level shifts by —60 mV per
pH.?° Therefore, it is reasonable that electrons transfer from
PbS CB to TiO, CB in our system.

It is clear from Fig. 3b (inset) that the electrode with Au NPs
exhibits significantly higher photocurrents than the electrode
without Au NPs. On the other hand, photocurrents from an
ITO/Au NP/TiO, electrode without PbS QD was negligibly small
(<10 nA). Although it is known that plasmon-induced charge
separation is often observed at the Au NP/TiO, interface,* > the
TiO, film used in this work (9 nm) is too thin to observe the
plasmon-induced charge separation.*® Therefore, the photocurrent

Fermisssss========
level

lB———/
TiO

Fig. 4 Schematic illustration of the photoinduced charge separation of the
TiO,/QD system.

2
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increased by the introduction of Au NPs is attributed to
enhancement of the QD-sensitized photocurrents.

To reveal the dependence of the enhancement on the irradia-
tion wavelength, we evaluated the photocurrent enhancement
factor from the photocurrents for ITO/Au NP/TiO,/QD electrodes
(Iau), those for ITO/TiO,/QD electrodes (I.ontro1) and the ratio of
the QD amount (Wau/Weontrol) as follows.

Enhancement factor = (Inu/Ieontrol)/(Wau/Weontrol) (1)

The action spectrum of the enhancement factor for the
electrode prepared by 5 SILAR cycles is shown in Fig. 3b
(square). The photocurrent enhancement was significant in
the wavelength range of 500-1200 nm, at which the Au NPs
exhibit plasmon resonance as Fig. 3a shows (absorption of Au
NPs at <500 nm is ascribed to interband transitions). These
results indicate that the photocurrents are enhanced by LSPR of
the Au NPs. The maximum enhancement factor is 4.6.

3.3 Effects of the QD size

The photocurrent enhancement was also examined for smaller
and larger QDs (2 and 10 SILAR cycles, respectively) as shown in
Fig. 3b. The TiO, thickness was 9 nm. It is obvious from the
figure that the maximum enhancement factor decreases as the
SILAR cycle increases. In the present system, it is likely that
photoabsorption of QDs is enhanced as a result of excitation by
the localized electric field (i.e. optical near field) in the vicinity
of the plasmonic Au NPs."””” Such an enhancement effect
strongly depends on the distance from the Np.'>*® 19213435 yye
therefore examined dependence of the enhancement factor on
the TiO, thickness (i.e. the QD-NP spacing) (Fig. 5).

As the PbS QD approaches Au NP, the enhancement factor
increases gradually, then decreases when the spacing is too
short. A similar behavior has been observed for other photo-
current enhancement systems.">"**"**3> The initial increase
in the enhancement factor is explained in terms of the intensi-
tying electric field from the Au NP as the QD approaches the
NP. The final drop of the enhancement is attributed to Forster
resonance energy transfer (FRET)*°° from excited QDs to NPs
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© .
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Fig. 5 Maximum photocurrent enhancement factor of ITO/Au NP/TiO,/PbS QD
electrodes as a function of the QD-NP spacing. Ayp/Ag = 0.05.
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occurring before electron injection from the excited QDs into the
TiO, CB. Namely, the balance between the positive enhancement
effect due to the plasmonic near field and the negative quenching
effects due to FRET determines the optimum spacing and the
highest enhancement.

Here we found that the optimum QD-NP spacing increases
from ~10 nm to ~20 nm and that the maximum enhancement
factor decreases from 6.0 to 2.7, as the QD size increases from
~5nm to ~15 nm (i.e. the SILAR cycle is increased from 2 to
10). Since FRET is caused by the dipole-dipole interaction
between QD and NP and the interaction intensifies with
increasing dipole moment, it is reasonable to consider that
larger QDs transfer energy to Au NPs more efficiently. Actually,
it has been reported that fluorescence of larger CdTe QDs is
more severely quenched by Au NPs.* This also suggests that
the energy transfer is accelerated as the QD size increases.
Although back electron transfer might also cause a photocurrent
decrease, it cannot explain the dependence of the photocurrent
enhancement on the QD size.

These results indicate that larger QDs transfer energy over a
longer distance (i.e. the Forster distance is longer) and thereby
suppress the enhancement more significantly. Incidentally, the
slight redshift of the enhancement peak with increasing QD
size observed in Fig. 3b can be explained in terms of the
redshift of the absorption wavelength (Fig. 3a) as well as the
quenching wavelength. So far, it has been reported that the
optimum QD-NP distance increases with increasing NP size.**
We therefore conclude that we can expect greater enhancement
with smaller QDs and smaller NPs.

4 Conclusions

In conclusion, anodic photocurrents from TiO, electrodes
modified with PbS QDs were enhanced using plasmonic Au
NPs in the visible and near-infrared regions (500-1200 nm).
The maximum enhancement factor was 6. The enhancement
was higher for smaller QDs because of suppressed quenching.
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