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Quantum dots for solar energy harvesting
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Owing to their versatile optical and electrical proper-
ties, semiconductor quantum dots are attracting atten-
tion as a material of choice for solar energy
conversion. The quantum dot sensitized solar cells
are considered as one of the most promising next-
generation solar cells as they have the advantage of
tunable band-gap energy and multiple exciton genera-
tion. We present here a study on quantum dot sensi-
tized solar cells considering their construction and
working, impact of incorporation of nanomaterials in
solar cells and various structures for improving the
performance of solar cells.

Keywords: Light harvesting, multiple exciton genera-
tion, quantum dots, solar cells, tunable band gap.

ENERGY generation in the modern era always had a pro-
blem in keeping pace with the increased demand of the
ever burgeoning population. The world is changing; the
standard of living of the people is resulting in rapid
increase in the global consumption of energy (10 trillion
kWh at present) and the US Energy Information Adminis-
tration predicts global energy demand of 35 trillion kWh
in 2035 (ref. 1). The amount of energy that is showered
by the sun on the earth in an hour is enough to fulfil the
global need of energy for a year’. The need of the
hour, therefore, is some innovation that will provide elec-
tricity using the abundantly available solar energy at
minimal expenses to support the base of the pyramid
population.

As a cost-effective alternative to silicon-based photo-
voltaic systems, recently, quantum dot sensitized solar
cells (QDSSCs) have gained considerable popularity.
QDSSCs, an evolution from dye sensitized solar cells
(DSSCs) which were first reported by O’Regan and
Gritzel in 1991, are considered to have great potential as
the next generation of solar cells (SCs). Several efforts
have been made to obtain an ideal organic dye as a sensi-
tizer to absorb photons in the full visible spectra. It has
been a challenge to obtain such an ideal organic dye.
Hence, narrow band-gap semiconductor quantum dots
(QDs), such as CdSe, InAs, CdS and PbS became more
popular as photosensitizers due to their versatile optical
and electrical properties, such as higher stability towards
oxygen and water, tuneable band gap depending on the
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QD size, multiple exciton generation (MEG) with single-
photon absorption and larger extinction coefficient’.

Light absorption and exposure of the photon-sensitive
material to light are the two main factors that govern the
efficiency of a SC. Very high light absorption can be
achieved using QDs adsorbed on nanostructured mate-
rials. Through tuning of the band gap of the QDs, absorp-
tion of various wavelengths of the visible spectrum
of light can be achieved. Coupling QDs with semicon-
ducting nanorods which have high surface area allows
better tapping of sunlight as more photon-absorbing QDs
can be coupled to the surface. The incorporation of
nanomaterials improves photoenergy absorption owing to
high available surface area. In this article, the impact
of nanomaterials in QDSSCs and various possible struc-
tures for improving the performance of QDSSCs are pre-
sented.

Construction of QDSSCs

Figure 1 shows the typical construction schematic
of QDSSC. It consists of a photoanode and a counter
electrode separated by a redox couple™®. The photoanode
consists of a wide band gap, mesoporous semiconductor
layer attached to conducting glass and QDs adsorbed onto
the semiconductor layer. QDs work as sensitizer in which
electron—hole pairs are created upon exposure to light.
Mesoporous structure of the semiconducting layer
provides enhanced surface-to-volume ratio, which in turn
facilitates enhancement in the adsorption of QDs onto it.
The redox couple scavenges the photogenerated holes and
produces electrical equilibrium in the semiconducting
layer. Sulphide/polysulphide redox couple is most widely
used because of its higher open circuit voltage and better
stability for photovoltaic operation”®. Various additives
have been explored with sulphide/polysulphide redox
couple’. In fact, a new record of average power conver-
sion efficiency of 12.3% of Zn—-Cu-In-Se QD-based
QDSSCs has been reported’, where 6 vol% tetraethyl or-
thosilicate is used as an additive in polysulphide electro-
Iyte. CdSlO’“, CdSelz’B, ZnSeM’lS, PbSlé’”, Agzsls’lg,
CulnS,**?!, CdTe?*®, InP**» and CngTezé’27 are mate-
rials of choice for QDs to be used as sensitizer in QDSSC
design. The most popularly used wide band gap semicon-
ductor in QDSSCs is TiO, (ref. 28). ZnO, SnO, and
Nb,Os are also reported to be used as mesoporous semi-
conducting layer in QDSSCs** ™",
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Figure 1.
showing the energy bands.

Liu et al.** used TiO, as wide band gap semiconductor
and CdS/CdSe QDs as sensitizer with application of SiO,
coating using successive ion layer adsorption and reac-
tion (SILAR) and chemical bath deposition (CBD) me-
thod, and achieved a fill factor (FF) of 41% and
efficiency of 2.05%. Seol et al.*® reported FF of 38.3%
and efficiency of 4.15%, when they covered ZnO nano-
rods by CdS shells to reduce the charge recombination
and CdSe QDs were utilized as sensitizer using CBD
method. Yu et al** reported a QDSSC design using
CdS/CdSe QDs as sensitizer, TiO, as wide band gap sem-
iconductor and Cu,S in counter electrode using CBD me-
thod and achieved efficiency of 4% and FF of 60.1%.
Fang et al® using carbon nanofibres as counter elec-
trode, CdSe QDs as sensitizer and TiO, as wide band gap
semiconductor achieved FF of 60% and efficiency of
4.81%. Radich et al*® prepared SILAR method based
QDSSCs using CdS/CdSe as sensitizer and TiO, as wide
band gap semiconductor and got FF of 46% and efficien-
cy of 4.4%. Zhang et al.’’ reported FF of 63% and effi-
ciency of 4.92% using larger sized TiO, as wide band gap
semiconductor and CdS/CdSe as sensitizer. Hossain et
al*® reported FF of 57% and efficiency of 5.21%. They
used CdSe QD as sensitizer and TiO, as wide band gap
semiconductor with a buffer layer of CdS following the
SILAR method. Santra and Kamat®’ also used the SILAR
method to prepare QDSSCs, and achieved FF of 47% and
efficiency of 5.42% when they used Mn-doped CdS/CdSe
and TiO,.

Zinc oxide with a direct band gap of 3.37 eV is also
gaining attention along with TiO,, which has been the
most sought after for DSSC photoelectrodes®. The
advantage of using ZnO over TiO, is its direct band gap
(TiO; has an indirect band gap of 3 eV) and high exciton
binding energy of 60 meV (refs 41, 42). ZnO also has a
higher electron mobility (200 cm*/V/s) than TiO,
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(30 cm?/V/s), which makes it a better choice than TiO,
(ref. 43). Another advantage of ZnO is that it has the
largest collection of nanostructures ever recorded like
nanorods/nanowires, hierarchical nanostructures, nano-
sheets, nanoneedles, nanotubes, etc. By controlling the
structure of single crystalline ZnO, it is possible to reduce
electron hopping and enhance electron mobility. The sin-
gle crystalline ZnO nanorods provide a direct path for the
diffusion of electrons through them. Further, densely
grown ZnO nanorod arrays can provide a very high sur-
face area compared to volume. ZnO nanorods can be
grown using simple hydrothermal methods*, making
them the most suitable for low-cost QDSSC design. Nu-
merous reports are also available on the use of ZnO nano-
structures in  QDSSC*™*. However, the reported
efficiency of ZnO-based DSSCs is still lower than the
TiO,-based ones.

Impact of nanomaterials in QDSSCs

Incorporation of QDs in SCs is advantageous as it pro-
vides higher stability towards oxygen and water, tuneable
band gap depending on size, multiple exciton generation
with single-photon absorption, larger extinction coeffi-
cient and low cost.

Among these, band gap tenability and multiple exciton
generation are gaining importance as they have a direct
impact on photon absorption and photocurrent generation.

Tunable band gap

Band gap of QDs can be tuned by varying their size
owing to quantum confinement phenomenon in nano-
metre scale*®*, which leads to size-dependent optical
properties of QDs. This is advantageous for controlled
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light energy harvesting. CdS*® and CdSe’’™ QDs have
been reported quite often for tunable band gap. With de-
crease in the size of QDs, the effective band gap energy
increases. As a result, light absorption and emission shift
towards higher energies. Blue shift in the optical spectra
of CdSe™ and CdS>® QDs with decrease in size has been
reported. Photocurrent increases with decrease in QD size
owing to the shift of conduction band towards more nega-
tive potential, which in turn improves the condition for
charge injection. On the contrary, with increase in the
size of QDs, better absorption in the visible region is ob-
served. However, smaller sizes have better electron injec-
tion into the transporting layer than the bigger ones. A
demonstration of size-based optimization of efficient
charge separation can be found in Vogel et al’®. Im-
proved photoelectrochemical response and photoconver-
sion efficiency have been reported by Kongkanand et
al>® by varying the size of CdSe QDs. So a combination
of different sized ODs must improve the photon absorp-
tion scenario, which will definitely improve the efficien-
cy of SCs. Figure 2 is a schematic of photoanode which
will absorb the entire visible spectrum; hence it can be
termed as photoanode of rainbow SC.

Multiple exciton generation

If a photon with energy greater than the bandgap (£,) of a
semiconductor is incident on it, then the energy in excess

Wide band gap semiconductor

Figure 2. Schematic structure of photoanode of a rainbow solar cell.
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of E, gets lost after generating a single exciton. Based on
this assumption, the maximum thermodynamic conver-
sion in SCs is observed to be 43.9% (ref. 57).

This thermodynamics conversion limitation can be
overcome by harnessing the carrier multiplication of the
cells’®® which is considered an attractive technique to
improve solar energy conversion. Carrier multiplication
can be achieved in nano semiconductor crystals through
impact ionization, a kind of inverse Auger process, where
an exciton generated in a semiconductor by absorption of
photo-energy greater than 2F, relaxes by energy transfer
of at least 1E, to the band edge, thereby generating
another exciton®'. To increase the solar energy conver-
sion through carrier multiplication, the rate of impact
ionization has to be greater than the exciton relaxation by
means of emission of phonons. The relaxation dynamics
is largely affected by quantization effect, which can be
produced in a semiconductor by dint of quantum con-
finement®* **. When the size of the nanosemiconductor
crystals is comparable to Bohr radius, the rate of impact
ionization increases extensively and becomes comparable
to the rate of cooling of the hot carriers. Schaller and
Klimov®’ carried out a detailed study on carrier multipli-
cation in PbSe nanocrystals through impact ionization.
Figure 3a shows the generation of biexcitaton. In
the Auger process, two excitons recombine and produce
highly energetic single excitons (Figure 3 b). Figure 3¢
shows the immediate consequences of high photon exci-
tation (hw/E, > 3); initially high-energy excitons form in
nano semiconducting crystals and then some (n,,) of the
excitons go through impact ionization and produce biex-
citons while some (n,) simply relax to the band edge and
remain as single excitons and with time biexcitons go
through the Auger process and produce single excitons.
The change in population of exciton for low pump photon
energies shows a step function with time while those with
high energies exhibit an exponentially decaying function
(Figure 3 d).

Structures of QDSSCs

Apart from the structure discussed earlier in the text,
many structures of SCs have been evolved based on QD
sensitizers. Among them tandem SCs, core-shell SCs and
plasmonic SCs have been able to draw the attention of
researchers.

Tandem solar cells

The tandem SCs simultaneously address two key prob-
lems of SCs, viz. energy loss due to thermalization of hot
charge carriers and sub-band gap transmission. It was
reported that stacking multiple sub-cells in series can
provide theoretical efficiency more than that of the
Shockley—Queisser limitation®. With increase in the
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Figure 3. Demonstration of multiple excitation generation in QDSSCs (adapted from ref. 57). a, Impact ionization;
b, auger process; ¢, dynamic carrier population; d, change in population with time.

number of sub-cells, efficiency increases and the maxi-
mum efficiency possible with infinite number of sub-cells
is 68% (ref. 66). Figure 4 a shows the structure of a typi-
cal tandem SC. It comprises two (or more) independent
sub-cells stacked on top of one another, which are based
on acceptor—donor composite. The part of the wavelength
not absorbed in the top sub-cell will impinge further to
the bottom sub-cell. So the absorption spectra for both
the sub-cells will be different as (Figure 4 ). Materials of
unlike band gaps are used to reduce the thermalization
loss. The intermediate layer needs to provide a platform
for the recombination of electrons that are coming from
one sub-cell with that of holes coming from the other
sub-cell. This is precisely why this layer is also called the
recombination layer. The materials for intermediate layer
need to be selected to ensure that the quasi-Fermi level of
the acceptor of the top sub-cell is aligned with that of the
donor of the bottom sub-cell (Figure 4 ¢) or vice-versa. A
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very thin layer of Ag (ref. 67), or Au (ref. 68) is reported
to be used as the intermediate layer. The intermediate
layer is decomposed into two layers, one layer made of
p-type material, just under the top sub-cell to transport
holes and the other layer made of n-type material, just
above the bottom sub-cell to transport electrons®. At the
interface of the p- and n-type materials, recombination of
holes and electrons will take place.

If Voci and Voc, are the open circuit voltages of
sub-cells 1 and 2 respectively, then ideally the total open
circuit voltage of the tandem SCs will be

Viandem =Voc1 +Vova-

In general,

Viandem =Voc1 +Vova +Vocs +++

CURRENT SCIENCE, VOL. 115, NO. 4, 25 AUGUST 2018
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If Isc; and Isc; are the short circuit current of sub-cells 1
and 2 respectively, then the total short circuit current of
the tandem SCs will be

Isc =min(Zgcy, Igcr)-
In general,
Ige =min(lgcy, Lscrs g3 )

However, a tandem cell (shown in Figure 4) is not feasi-
ble using liquid electrolyte and hence, as an alternative,
use of tandem semiconducting layers in the photoanode is
reported’®”". In a study by Santra and Kamat’’, three lay-
ers of CdSeS QDs of varying band gap were deposited in
tandem using electrophoretic deposition method to the
TiO,-based photoanode of the QDSSC. Power conversion
efficiency was reported to increase up to 1.97-2.81%
compared to single-layer CdSeS. The authors™ also
reported that in two- and three-layered tandem QDSSCs,
the maximum power conversion efficiencies were
observed to be 3.2% and 3.0% respectively, which is
greater than the three individually layered photoanodes.
In another study by Lee et al.’”', a passivation layer of
Cu—ZnS was deposited in tandem with TiO,/CdS layer to
enhance light harvesting as well as suppress the
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Figure 4. Tandem solar cell: a, structure; b, absorption of its two sub-
cells; ¢, charge transport in tandem SCs.

CURRENT SCIENCE, VOL. 115, NO. 4, 25 AUGUST 2018

surface charge recombination. A tandem structure of
Ti0,/CdS/Cu—ZnS was reported to have an improved
efficiency of 3.35%, which is 82% higher than TiO,/CdS-
based QDSSCs (ref. 71).

Vitoreti et al.” studied two different semiconducting
protective layers (CdS and ZnS) in CdTe-based Q-
DSSCs. The ZnS layer can reduce recombination losses
with the electrolyte; however, it can also disturb the
charge-transfer mechanism. So the thickness of the layer
has to be optimum; if it is very thick, the redox couple
may be prohibited from reaching the QDs, causing a
decrease in the efficiency of the cell. The authors’
reported a reduction of 60% with ZnS layer covering
CdTe QDs on TiO,, when compared to the uncovered
CdTe. However, use of CdS layer as passivation of the
surface of the adsorbed QDs is reported to have 350% in-
crease in cell efficiency, but cell stability is hampered.
Vitoreti et al.”* also studied double layer passivation with
both CdS and ZnS in tandem. Cell efficiency was re-
ported to increase by 600% with double layer of passiva-
tion compared to the cells containing only CdTe. The
authors’> proposed that CdS layer increases the absorp-
tion range and ZnS layer reduces the recombination
losses with the electrolyte.

Core-shell solar cell

Figure 5 shows the structure of a core—shell SC, where
PbS quantum dot is at the core which is covered by CdS
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Figure 5. Structure of core—shell based QDSSC (reproduced from

ref. 75).
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shell. The ZnS coating gives twofold advantage of having
the effect of blocking electrons’, which possibly will re-
combine with the electrolyte, and coating defect states
that may trap carriers’*.

Even though a typical SC absorbs a wide band of the
solar spectrum, most of the absorbed energy is lost by
rapid cooling of the hot carriers. In core—shell structure,
cooling of the hot carriers is slower. When the shell is
sufficiently thick, the lower energy holes are confined to
the core and higher energy holes primarily stay in the
shell itself, which leads to the electronic decoupling of
higher and lower-energy holes. This is the reason for
slow cooling of hot carriers in the core—shell structure,
which helps in carrier multiplication. A photo-generated
hot hole in the shell collides with a valence band electron
of the core, exciting it to cross the band gap, which gene-
rates a second electron—hole pair. Lai e al.”” studied PbS
core and CdS shell and found four times higher efficiency
than what is obtained with simple PbS QDs coated with
ZnS after deposition. Selopal e al.”® conducted a study
keeping the core size of CdSe/CdS-based core—shell solar
cells fixed at 1.65 nm and varying the thickness of CdS
shell. A maximum photoconversion efficiency of 3.01%
was reported at a shell thickness of =1.96 nm. It was also
reported that a favourable stepwise electronic band
alignment for better electron transfer rate can be achieved
by introducing a CdSe,S;_, interfacial alloyed layer be-
tween CdSe core and CdS shell. CdSe/(CdSe,S|-,)s/
(CdS), core/shell QD-based QDSSCs are reported to have
the maximum photoconversion efficiency of 6.86% (ref.
76).

Plasmonic solar cells

For higher absorption, design of SCs demands a thicker
structure and for higher carrier collection, the demand is
a thinner structure. Thickness of the SCs is therefore a
vital parameter to be optimized. It is highly desirable to
have an optically thick but physically thin structure of a
SC, which can be achieved by plasmonic SCs where light
trapping mechanism is introduced in already designed
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Demonstration of plasmonic effect in SCs.

cells. Trapping can produce comparatively higher intensity
of light at the surface of the sensitizer, which in turn
leads to higher absorption and hence greater generation of
electron—hole pairs.

The phenomenon of plasmon resonance increases the
absorption of light into the SCs mainly by the following
three ways.

1. By scattering light into the SCs, thereby increasing
path length and hence absorption. When plasmonic nano-
particles scatter light at resonance frequency, they lead to
a prolonged path of light compared to the non-scattered
one. If the surrounding medium is homogeneous, then
scattering takes place uniformly in both forward and
backward directions. On the contrary, if the surrounding
medium is inhomogeneous, then light is scattered prefer-
ably into the medium with higher dielectric constant.
That is the case when metal nanoparticles are placed on
top of the SC (Figure 6 @), with air (or any medium with
lower dielectric constant) as surrounding medium. Scat-
tered light gets trapped inside the SCs, if scattering takes
place at an angle larger than the critical angle of the inter-
face. This trapped light acts as a waveguide inside the
cells, leading to prolonged path length and hence absorp-
tion by the cells. It also leads to higher current density in
both thin and thick cells on index-matched substrates.
This mechanism is influenced by the size of the nanopar-
ticles. Larger nanoparticles result in increase of scattering
efficiency, while smaller ones are preferred for scattering
light more in the forward direction. This trade-off is
overcome by placing the nanoparticles at the rear end
between the glass substrate and transparent conductive
layer. Moreover, plasmonic nanoparticles placed at the
rear end help to excite propagating waveguide mode
within the absorbing layer. This can lead to propagation
of light either in surface plasmon polariton mode or pho-
tonic waveguide mode. In either cases, light is guided
along the lateral direction of SCs, which in turn increases
the path length and hence improves absorbance’”’®.

2. Absorption enhancement due to intensified near field
around the plasmonic nanoparticle. It is known that the
probability of electron excitation is proportional to the
electric field”. Thus, an intensified electric field around
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a, Optical absorptance of Ag nanoparticles on ITO glass. b, External quantum efficiency en-

hancement of SCs via introduction of Ag nanoparticles (reproduced from ref. 86).

plasmonic nanoparticles (Figure 6 b) results in enhanced
excitation in the surrounding semiconductor and can store
light energy as plasmon oscillation. Optical absorption is
also proportional to the electric field. So a high electric
field always results in increased absorption. Coupling of
this energy into the surrounding semiconductor is possi-
ble only if the absorption coefficient of the semiconduc-
tor is greater than the inelastic plasmon decay time;
otherwise the incident light energy will be absorbed in
the plasmonic nanoparticles. This theory has been proved
by Higglund and co-workers®**. This phenomenon is
largely influenced by the shape and size of the plasmonic
nanoparticles, metal-semiconductor interface, surface
roughness of the metal and presence of metal oxide layer.

3. Decay of plasmon resonance by exciting electron—
hole pair in the metal nanoparticles. Excitation of elec-
tron-hole pair in the metal nanoparticles takes place when
the plasmon resonance decays (Figure 6 ¢). If the nano-
particle work function and semiconductor conduction
band are properly aligned, then the electron generated can
be transferred to the semiconductor, thus leaving the
plasmonic nanoparticle charged. This can cause an in-
crease in the short circuit current of the SC, if the nano-
particles are not electrically isolated from it, and thus
leads to enhancement in the performance of SCs**™. It is
established that based on charge injection generated by
plasmonic decay, efficiencies up to 7% can be achieved®
when injection is through a Schottky barrier formed
between the metal nanoparticle and semiconductor®. On
the other hand, because of the broad distribution of
energy, many of the excited electrons might not have
sufficient energy to overcome the Scottky barrier as
metals have high density of unoccupied energy states
above the Fermi energy. However, if barrier is small, a
reverse current flows from the semiconductor to the metal
particle, which might contribute towards lowering the
efficiency of SCs.
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Figure 7 a shows the impact of incorporation of Ag na-
noparticles in absorptance. Fleetham er al.* studied or-
ganic SC with Ag nanoparticles as plasmonic material
and found that bigger size of metal nanoparticles is better
for predominant scattering. They also found that incorpo-
rating a buffer layer of PEDOT : PSS between the ITO
and the metal nanoparticles is better in the context to ef-
ficiency of the SCs, compared to direct adsorption of
metal nanoparticles on ITO (Figure 7 b). The maximum
external quantum efficiency was enhanced in the scale of
2.1 if optimum nanoparticles size was incorporated with
the cell and 30% increase in photocurrent was achieved.
To have greater absorption enhancement, Fleetham et
al.*® suggested incorporation of Ag nanopartices of size
more than 20 nm. Aneesh er al.*’ used Au nanoparticles
as plasmonic nanomaterial in orgarnic SCs made of ITO/
MoO;/PsHT : PC4;BM/Al, and achieved 16% increase in
short circuit current density while conversion efficiency
improved up to 25%.

Researchers have demonstrated plasmon-enhanced
photocurrent in different photovoltaics, including those
based on CdSe®™, CdS™ InP/InGaAsP”, PbS’' GaAs™,
InGaN/GaN"*, InGaAs/GaAs®, ¢-Si%°, a-Si: H*®, organic
semiconductors’”® such as polythiophene and copper
pthalocyanine, and hybrid organic—inorganic devices
such as DSSCs*"'®. Al, Au and Ag nanoparticles have
been explored as plasmonic nanomaterial, and Ag has the

highest quality factor'’".

Conclusion

Incorporation of nanostructured materials in QDSSCs can
significantly improve light absorption owing to large
surface-to-volume ratio offered by them. Tuneable band
gap and multiple exciton generation in QDs have opened
up innumerable possibilities in high-efficiency SC
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design. Nanostructured TiO, and ZnO are widely used as
semiconducting material for the transport layer in
QDSSCs. Though the efficiency obtained with TiO, is
better than ZnO at present, the latter is gaining popularity
as it has the advantage of higher electron mobility
(200 cm?/V/s) than the former (30 cm?®/V/s). Many struc-
tures of SCs have evolved based on QD sensitizers. Ener-
gy loss due to thermalization of hot charge carriers and
sub-bandgap transmission can be addressed using tandem
structures. A tandem structure of TiO,/CdS/Cu—ZnS is
reported to have an improved efficiency of 3.35%, which
is 82% higher than TiO,/CdS-based QDSSCs’'. It is re-
ported that cell efficiency increases by 600% with double
layer of passivation compared to cells containing only
CdTe. In core—shell structure, cooling of the hot carriers
is slower, which helps in carrier multiplication and hence
improves efficiency. Lai et al.” studied PbS core and
CdS shell, and found four times higher efficiency than
that obtained with simple PbS QDs coated with ZnS after
deposition. CdSe/(CdSe,S|-,)s/(CdS); core/shell QD-
based QDSSCs are reported to have a maximum photo-
conversion efficiency of 6.86% (ref. 76). An optically
thick but physically thin structure of a SC is highly desir-
able. It can be achieved by means of plasmonic SCs,
where light trapping mechanism is introduced in already
designed cells. This review will be helpful to SC enthu-
siasts working on novel designs.

1. US Energy Information Administration, International Energy
Outlook, 2010.

2. Zhang, Q. and Cao, G., Nanostructured photoelectrodes for
dye-sensitized solar cells. Nano Today, 2011, 6, 91-109.

3. Green, M. A. et al., Solar cell efficiency tables (version 37),
Prog. Photovolt.: Res. Appl., 2010, 19, 84-92.

4. Bandara, J. and Weerasinghe, H. C., Efficient solid-state dye
sensitized solar cells fabricated on a compact TiO, barrier layer
preventing short-circuit current. Sri Lankan J. Phys., 2004, 5, 27—
35.

5. Gritzel, M., Conversion of sunlight to electric power by nano-
crystalline dye-sensitized solar cells. J. Photochem. Photobiol. A:
Chem., 2004, 164, 3—14.

6. Halim, M. A., Harnessing sun’s energy with quantum dots based
next generation solar cell. Nanomaterials, 2012, 3, 22-47.

7. Chakrapani, V., Baker, D. and Kamat, P. V., Understanding the
role of the sulfide redox couple (S*/S¥) in quantum dot-
sensitized solar cells. J. Am. Chem. Soc., 2011, 133, 9607—
9615.

8. Ellis, A. B., Steven, W. K. and Mark, S. W., Optical to electrical
energy conversion. Characterization of cadmium sulfide and
cadmium selenide based photoelectrochemical cells. J. Am.
Chem. Soc., 1976, 98, 6855-6866.

9. Yu, J. et al., Quantum dot sensitized solar cells with efficiency
over 12% based on tetraethyl orthosilicate additive in polysulfide
electrolyte. J. Mater. Chem. A,2017, 5, 14124-14133.

10. Meng, K., Surolia, P. K., Byrne, O. and Thampi, K. R., Efficient
CdS quantum dot sensitized solar cells made using novel Cu,S
counter electrode. J. Power Sour., 2014, 248, 218-223.

11. Meng, K., Surolia, P. K., Byrne, O. and Thampi, K. R., Quantum
dot and quantum dot-dye co-sensitized solar cells containing
organic thiolate—disulfide redox electrolyte. J. Power Sour.,
2015, 275, 681-687.

666

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

. Tian, J. and Cao, G., Semiconductor quantum dot-sensitized solar

cells. Nano Rev., 2013, 4, 1-8.

. Jun, H. K., Careem, M. A. and Arof, A. K., Efficiency improve-

ment of CdS and CdSe quantum dot-sensitized solar cells by TiO,
surface treatment. J. Renew. Sustain. Energ., 2014, 6, 023107.

. Cheng, D.-C. et al., Improving Si solar cell performance using

Mn: ZnSe quantum dot-doped PLMA thin film. Nanoscale Res.
Lett., 2013, 8, 291.

. Sfyri, G. et al., Composite ZnSe—CdSe quantum dot sensitizers of

solid-state solar cells and the beneficial effect of added Na,S. J.
Phys. Chem. C,2014, 118, 16547-16551.

. Singh, R. et al., Synthesis of lead sulphide nanoparticles for elec-

trode application of dye sensitized solar cells. Nanosci. Nano-
technol. Lett., 2014, 6, 31-36.

. Jean, J. et al., ZnO nanowire arrays for enhanced photocurrent in

PbS quantum dot solar cells. Adv. Mater., 2013, 25, 2790-2796.

. Hu, H. et al., Photodeposition of Ag,S on TiO, nanorod arrays for

quantum dot-sensitized solar cells. Nanoscale Res. Lett., 2013, 8,
1-7.

. Hwang, I. et al., Improvement of photocurrent generation of Ag,S

sensitized solar cell through co-sensitization with CdS. Appl.
Phys. Lett., 2013, 103, 023902—-023902.

Jara, D. H. et al., Size-dependent photovoltaic performance of
CulnS, quantum dot-sensitized solar cells. Chem. Mater., 2014,
26, 7221-7228.

Li, T., Lee, Y. L. and Teng, H., High-performance quantum dot-
sensitized solar cells based on sensitization with CulnS, quantum
dots/CdS heterostructure. Energ. Environ. Sci., 2012, 5, 5315—
5324.

Wang, J. et al., Core/shell colloidal quantum dot exciplex states
for the development of highly efficient quantum-dot-sensitized
solar cells. J. Am. Chem. Soc., 2013, 135, 15913-15922.

Lu, Z. et al., One-step aqueous synthesis of grapheme-CdTe
quantum dot-composed nanosheet and its enhanced photores-
ponses. J. Colloid Interf. Sci., 2011, 353, 588-592.

Zhang X. et al., Comparative cytotoxicity of gold—doxorubicin
and InP-doxorubicin conjugates. Nanotechnology, 2012, 23,
275103-275115.

Zaban, A. M. O. L. et al., Photosensitization of nanoporous TiO,
electrodes with InP quantum dots. Langmuir, 1998, 14, 3153—
3156.

Taniguchi, S., Green, M. and Lim, T., The room-temperature
synthesis of anisotropic CdHgTe quantum dot alloys: a ‘molecu-
lar welding’ effect. J. Am. Chem. Soc., 2011, 133, 3328-3331.
Feteha, M. Y. and Ameen, M., CdHgTe quantum dots sensitized
solar cell with using of titanium dioxide nanotubes. J. Power
Energy Eng., 2013, 1, 67-72.

Sudhagar, P. et al., Quantum dot-sensitized solar cells. In
Low-Cost Nanomaterials, Springer London, 2014, pp. 89-136.
Tian, J. et al., Architectured ZnO photoelectrode for high effi-
ciency quantum dot sensitized solar cells. Energ. Environ. Sci.,
2013, 6, 3542-3547.

Perera, V. P. S., An efficient dye-sensitized photoelectrochemical
solar cell made from oxides of tin and zinc. Chem. Commun.,
1999, 1, 15-16.

Sayama, K., Sugihara, H. and Arakawa, H., Photoelectrochemical
properties of a porous Nb,Os electrode sensitized by a ruthenium
dye. Chem. Mater., 1998, 10, 3825-3832.

Liu, Z. et al., Enhancing the performance of quantum dots sensi-
tized solar cell by SiO, surface coating. Appl. Phys. Lett., 2010,
96, 233107-3.

Seol, M. et al., Novel nanowire array based highly efficient quan-
tum dot sensitized solar cell. Chem. Commun., 2010, 46, 5521—
5523.

Yu, Z. et al., Highly efficient quasi-solid-state quantum-dot-
sensitized solar cell based on hydrogel electrolytes. Electrochem.
Commun., 2010, 12, 1776-1779.

CURRENT SCIENCE, VOL. 115, NO. 4, 25 AUGUST 2018



REVIEW ARTICLES

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Fang, B. et al., Facile synthesis of open mesoporous carbon nano-
fibers with tailored nanostructure as a highly efficient
counter electrode in CdSe quantum-dot-sensitized solar cells.
J. Mater. Chem., 2011, 21, 8742-8748.

Radich, J. G., Dwyer, R. and Kamat, P. V., Cu,S reduced gra-
phene oxide composite for high-efficiency quantum dot solar
cells. Overcoming the redox limitations of S*’Sn*" at the counter
electrode. J. Phys. Chem. Lett., 2011, 2, 2453-2460.

Zhang, Q. et al., Highly efficient CdS/CdSe-sensitized solar cells
controlled by the structural properties of compact porous TiO,
photoelectrodes. Phys. Chem. Chem. Phys., 2011, 13, 4659—-4667.
Hossain, M. A. et al., CdSe-sensitized mesoscopic TiO, solar
cells exhibiting >5% efficiency: redundancy of CdS buffer layer.
J. Mater. Chem., 2012, 22, 16235-16242.

Santra, P. K. and Kamat, P. V., Mn-doped quantum dot sensitized
solar cells: a strategy to boost efficiency over 5%. J. Am. Chem.
Soc., 2012, 134, 2508-2511.

Law, M. et al., Nanowire dye-sensitized solar cells. Nature Ma-
ter., 2005, 4, 455-459.

Yang, P. et al., Controlled growth of ZnO nanowires and their
optical properties. Adv. Funct. Mater., 2002, 12, 323-331.

Xia, J. B. and Zhang, X. W., Electronic structure of ZnO wurtzite
quantum wires. Eur. Phys. J. B, 2006, 49, 415-420.

Quintana, M. et al., Comparison of dye-sensitized ZnO and TiO,
solar cells: studies of charge transport and carrier lifetime.
J. Phys. Chem. C, 2007, 111, 1035-1041.

Baruah, S. and Dutta, J., Hydrothermal growth of ZnO nanostruc-
tures. Sci. Technol. Adv. Mater., 2009, 10, 013001-18.

Singh, N. et al., ZnO based quantum dot sensitized solar cell using
CdS quantum dots. J. Renew. Sustain. Energy, 2012, 4, 013110-10.
Yuan, Z. and Longwei, Y., CdSe—CdS quantum dots co-sensitized
ZnO hierarchical hybrids for solar cells with enhanced photo-
electrical conversion efficiency. Nanoscale, 2014, 6, 13135—
13144.

Eskandari, M., Ahmadi, V. and Kohnehpoushi, S., Improvement
of ZnO nanorod based quantum dot (cadmium sulfide) sensitized
solar cell efficiency by aluminum doping. Phys. E, 2015, 66,
275-282.

Wang, X. et al., Tandem colloidal quantum dot solar cells
employing a graded recombination layer. Nature Photoni., 2011,
5, 480-484.

Gritzel, M., Photoelectrochemical cells. Nature, 2001, 414, 338—
344.

Chang, C. H. and Lee, Y. L., Chemical bath deposition of CdS
quantum dots onto mesoscopic TiO, films for application in
quantum-dot-sensitized solar cells. Appl. Phys. Lett., 2007, 91,
053503-3.

Bang, J. H. and Kamat, P. V., Quantum dot sensitized solar cells.
A tale of two semiconductor nanocrystals: CdSe and CdTe. ACS
Nano, 2009, 3(6), 31467-31476.

Kongkanand, A. et al., Quantum dot solar cells. Tuning photores-
ponse through size and shape control of CdSe-TiO,
architecture. J. Am. Chem. Soc., 2008, 130, 4007-4015.

Chen, J. et al., An oleic acid-capped CdSe quantum-dot sensi-
tized solar cell. Appl. Phys. Lett., 2009, 94, 153115-3.

Gorer, S. and Hodes, G., Quantum size effects in the study of
chemical solution deposition mechanisms of semiconductor films.
J. Phys. Chem., 1994, 98, 5338-5346.

Thambidurai, M. et al., Strong quantum confinement effect
in nanocrystalline CdS. J, Mater. Sci., 2010, 45, 3254-3258.
Vogel, R., Hoyer, P. and Weller, H., Quantum-sized PbS, CdS,
Ag,S, Sb,S;, and Bi,S; particles as sensitizers for various nano-
porous wide-bandgap semiconductors. J. Phys. Chem., 1994, 98,
3183-3188.

Schaller, R. D. and Klimov, V. 1., High efficiency carrier multip-
lication in PbSe nanocrystals: implications for solar energy con-
version. Phys. Rev. Lett., 2004, 92, 18660-(1-16).

CURRENT SCIENCE, VOL. 115, NO. 4, 25 AUGUST 2018

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Lee, Y. K., Lee, H. and Park, J. Y., Tandem-structured, hot elec-
tron based photovoltaic cell with double Schottky barriers. Sci.
Rep., 2014, 4, 4580-1-4580-6.

Meillaud, F. et al., Efficiency limits for single-junction and tan-
dem solar cells. Sol. Energy Mater. Solar Cells, 2006, 90, 2952—
2959.

Nattestad, A. et al., Highly efficient photocathodes for dye-
sensitized tandem solar cells. Nature Mater., 2010, 9, 31-35.
Nozik, A. J., Quantum dot solar cells. Physica E, 2002, 14, 115—
120.

Benisty, H., Reduced electron-phonon relaxation rates in quan-
tum-box systems: theoretical analysis. Phys. Rev. B, 1995, 51,
13281.

Nozik, A. J., Spectroscopy and hot electron relaxation dynamics
in semiconductor quantum wells and quantum dots. 4nn. Rev.
Phys. Chem., 2001, 52, 193-231.

Bockelmann, U. and Bastard, G., Phonon scattering and energy
relaxation in two-, one-, and zero-dimensional electron gases.
Phys. Rev. B, 1990, 42, 8947.

Dou, L et al., Systematic investigation of benzodithiophene- and
diketopyrrolopyrrole-based low-bandgap polymers designed for
single junction and tandem polymer solar cells. J. Am. Chem.
Soc., 2012, 134, 10071-10079.

You, J. et al., A polymer tandem solar cell with 10.6% power
conversion efficiency. Nature Commun., 2013, 4, 1446—-1410.
Coffin, R. C. et al., Streamlined microwave-assisted preparation
of narrow-bandgap conjugated polymers for high-performance
bulk heterojunction solar cells. Nature Chem., 2009, 1, 657-661.
Miihlbacher, D. et al., High photovoltaic performance of a low-
bandgap polymer. Adv. Mater., 2006, 18, 2884-2889.

Conibeer, G. et al., Silicon quantum dot nanostructures for tan-
dem photovoltaic cells. Thin Solid Films, 2008, 516, 6748—6756.
Santra, P. K. and Kamat, P. V., Tandem-layered quantum dot
solar cells: tuning the photovoltaic response with luminescent
ternary cadmium chalcogenides. J. Am. Chem. Soc., 2013, 135,
877-885.

Lee, Y.-S. et al., High performance of TiO,/CdS quantum dot
sensitized solar cells with a Cu—ZnS passivation layer. New
J. Chem., 2017, 41, 1914-1917.

Vitoreti, A. B. F. et al., CdTe and CdTe/CdSe core/shell aqueous
soluble quantum dots-sensitized solar cell. In Proceedings of
International Conference, University of Minho, Braga, Partugal,
2017.

Mora-Sero, 1. et al., Recombination in quantum dot sensitized
solar cells. Acc. Chem. Res., 2009, 42, 1848—1857.

Guijarro, N. et al., Uncovering the role of the ZnS treatment in
the performance of quantum dot sensitized solar cells. Phys.
Chem. Chem. Phys., 2011, 13, 12024-12032.

Lai, L. H. et al., Sensitized solar cells with colloidal PbS—-CdS
core—shell quantum dots. Phys. Chem. Chem. Phys., 2014, 16,
736-742.

Selopal, G. S. et al., Highly stable colloidal ‘giant’ quantum dots
sensitized solar cells. Adv. Funct. Mater., 2017, 27, 1701468.
Atwater, H. A. and Polman, A., Plasmonics for improved photo-
voltaic devices. Nature Mater., 2010, 9, 205-213.

Green, M. A. and Pillai, S., Harnessing plasmonics for solar cells.
Nature Photon., 2012, 6, 130—132.

Nelson, J., The Physics of Solar Cells, World Scientific Publish-
ing Co Inc, London, 2003.

Héagglund, C. and Apel, S. P. L., Plasmonic near-field absorbers
for ultrathin solar cells. J. Phys. Chem. Lett., 2012, 3, 1275-1285.
Héagglund, C. and Kasemo, B., Nanoparticle plasmonics for 2D-
photovoltaics: mechanisms, optimization and limits. Opt. Exp.,
2009, 17, 11944-11957.

Hagglund, C. and Apell, S. P., Resource efficient plasmon-based
2D-photovoltaics with reflective support. Opt. Exp., 2010, 18,
A343-A356.

667



REVIEW ARTICLES

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Westphalen, M. et al., Metal cluster enhanced organic solar cells.
Sol. Energ. Mater. Sol. Cells, 2000, 61, 97-105.

Moulin, E. et al., Photoresponse enhancement in the near infrared
wavelength range of ultrathin amorphous silicon photosensitive
devices by integration of silver nanoparticles. Appl. Phys. Lett.,
2009, 95, 033505.

White, T. P. and Kylie, R. C., Plasmon-enhanced internal pho-
toemission for photovoltaics: theoretical efficiency limits. Appl.
Phys. Lett., 2012, 101, 073905-4.

Fleetham, T. et al., Photocurrent enhancements of organic solar
cells by altering dewetting of plasmonic Ag nanoparticles. Sci.
Rep., 2015, 5, 14250-1-14250-9.

Aneesh, P. M. et al., Enhancement in photovoltaic properties of
plasmonic nanostructures incorporated organic solar cells
processed in air using P3HT: PCBM as a model active layer. Org.
Photon. Photovolt., 2015, 3, 64-70.

Konda, R. B. et al., Surface plasmon excitation via Au nanopar-
ticles in n-CdSe/ p-Si heterojunction diodes. Appl. Phys. Lett.,
2007,91, 191111-1-191111-3.

Zhao, W. W. et al., Exciton-plasmon interactions between CdS
quantum dots and Ag nanoparticles in photoelectrochemical system
and its biosensing application. Anal. Chem., 2012, 84, 5892-5897.
Derkacs, D. et al., Nanoparticle-induced light scattering for
improved performance of quantum-well solar cells. Appl. Phys.
Lett., 2008, 93,091107-1-091107-3.

Kawawaki, T. et al., Efficiency enhancement of PbS quantum
dot/ZnO nanowire bulk-heterojunction solar cells by plasmonic
silver nanocubes. ACS Nano, 2015,9, 4165-4172.

Nakayama, K., Tanabe, K. and Atwater, H. A., Plasmonic nano-
particle enhanced light absorption in GaAs solar cells. 4ppl.
Phys. Lett., 2008, 93, 121904-1-121904-3.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Pryce, I. M. et al., Plasmonic nanoparticle enhanced photocurrent
in GaN/InGaN/GaN quantum well solar cells. Appl. Phys. Lett,,
2010, 96, 153501-3.

Lu, H. F. et al., Plasmonic quantum dot solar cells for enhanced
infrared response. Appl. Phys. Lett., 2012, 100, 103505-4.

Pillai, S. et al., Surface plasmon enhanced silicon solar cells.
J. Appl. Phys., 2007, 101, 093105-8.

Gusak, V., Kasemo, B. and Hagglund, C., High aspect ratio
plasmonic nanocones for enhanced light absorption in ultrathin
amorphous silicon films. J. Phys. Chem. C, 2014, 118, 22840—
22846.

Westphalen, M. et al., Metal cluster enhanced organic solar cells.
Sol. Energy Mater. Solar Cells, 2000, 61, 97-105.

Morfa, A. J. et al., Plasmon-enhanced solar energy conversion in
organic bulk heterojunction photovoltaics. Appl. Phys. Lett.,
2008, 92, 013504.

Yin, X., Que, W. and Shen, F., Improvement of the performance
of dye sensitized solar cell using ZnO nanorods array deposited
with Ag nanoparticles as photoanode. J. Sol-gel Sci. Technol.,
2012, 63, 279-285.

Muduli, S. et al, TiO,-Au plasmonic nanocomposite for
enhanced dye-sensitized solar cell (DSSC) performance.
Sol. Energ., 2012, 86, 1428—-1434.

Catchpole, K. R. and Polman, A., Design principles for particle
plasmon enhanced solar cells. Appl. Phys. Lett., 2008, 93,
191113-3.

Received 13 June 2017; revised accepted 6 June 2018

doi: 10.18520/cs/v115/i4/659-668

668

CURRENT SCIENCE, VOL. 115, NO. 4, 25 AUGUST 2018




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


