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Light management allows enhancement of light harvesting in organic solar cells (OSCs). In this paper, we

describe the investigation of OSCs enhanced by the synergistic effect of gold quantum dots (AuQDs) and

localized surface plasmons, obtained by blending a AuQD layer and plasmonic gold nanoparticles

(AuNPs) in a hole-transport layer (HTL). Different AuQDs emitting blue, green, and red fluorescence were

examined in this study. The OSCs were demonstrated to comprise an ITO-coated glass substrate/

AuQDs/PEDOT:PSS:AuNPs/P3HT:PCBM/Al structure. The UV-visible spectra, current density versus

voltage characteristics, impedance spectra, and incident photon-to-current efficiency of the fabricated

devices were evaluated. The results showed an enhancement of photovoltaic efficiency achieved as

a result of the increase in short-circuit current density (Jsc) and power conversion efficiency (PCE) in

comparison with those of the reference OSCs. The best synergistic effect was found with OSCs

consisting of a green-emitting AuQD layer and a HTL containing AuNPs, resulting in the highest

improvement in PCE of 13.0%. This indicated that the increase in light harvesting in the developed

devices was induced by extended light absorption in the UV region resulting from absorption by the

AuQD layer and emission of visible fluorescence from the AuQD layer to the photoactive layers.

Moreover, the localized surface plasmon effect of AuNPs, which also contributed to an increase in light

trapping in the proposed OSCs, was enhanced by the effect of the AuQDs.
Introduction

Organic thin-lm solar cells (OSCs) are being considered as
a promising alternative renewable energy source due to their
excellent properties, such as low weight and high exibility, and
the feasibility of low temperature processing, solution-based
fabrication, and cost-effective production of OSCs.1–3 Although
bulk heterojunction (BHJ) OSCs exhibited several advantages
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and improved the performance of photovoltaic devices, the
short carrier diffusion length of polymer materials limits the
lm thickness of the active layer in the OSCs, resulting in lower
power conversion efficiency (PCE) compared with that of
traditional solar cells based on crystalline Si.1,4 Metallic
nanostructure-induced plasmonic properties have been used to
improve light harvesting in photovoltaic devices;5–8 in partic-
ular, the introduction of gold nanoparticles (AuNPs) into OSCs
enhanced the photocurrent and PCE.9–18 We also reported the
use of urchin-like AuNPs to improve the performance of OSCs.9

Plasmonic nanoparticles (NPs) are usually dispersed in photo-
active or hole-transport layers as well being deposited at the
interfaces of organic layers in photovoltaic devices.19,20 AuNPs
with particle sizes from 2 to 100 nm typically enhance the
electric eld and optical absorption through excitation of
localized surface plasmon resonance, which depends on the
particle size, shape, and surrounding environment. When the
size of gold nanoparticles is further reduced (<2 nm), they are
known as gold nanoclusters or gold quantum dots (AuQDs), on
which localized plasmons cannot be excited. Instead, due to the
quantum connement effect, electrons in AuQDs are excited
from the ground state by absorbing near-UV light, and the
AuQDs emit uorescence in the visible range. The size of the
This journal is © The Royal Society of Chemistry 2019
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AuQDs, i.e., the number of gold atoms, determines the wave-
length of the uorescence emission.21,22 This implies that
AuQDs can harvest light from the UV region and convert it into
visible light. AuQDs were previously shown to be effective in the
operation of dye-sensitized solar cells, being employed both as
a photosensitizer and catalyst. AuQDs deposited on a TiO2

electrode improved the light absorption capacity, increased the
photocurrent, and enhanced charge transport.23–27 Because
most organic photoelectric conversion materials harvest light
mainly in the visible range, an important challenge is to apply
AuQDs to organic light harvesting systems, which absorb light
in the near-UV region and convert it to visible light as uores-
cence emission.28 When combining AuQDs and AuNPs, syner-
gistic effects are expected because the uorescence from AuQDs
enhances the localized plasmon effect of the AuNPs, and
simultaneously the enhanced electric eld on AuNPs enhances
the uorescence of AuQDs by localized plasmon excitation.29

In this work, we demonstrate the synergistic effect of
a AuNPs/AuQD system on the OSC performance. The enhance-
ment of the photovoltaic properties of plasmonic OSCs by
introducing AuNPs and AuQDs (blue, green, and red) was
investigated. AuQDs/plasmonic solar cells with an Al/poly(3-
hexylthiophene-2,5-diyl) (P3HT):[6,6]-phenyl C61 butyric acid
methyl ester (PCBM)/AuNP:poly(3,4-ethylene dioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS)/AuQD/indium tin oxide
(ITO) glass substrate structure exhibited an improved perfor-
mance. Our results demonstrated that the AuQDs/AuNPs in the
organic solar cells played an important role in improving their
photovoltaic properties due to the uorescence from the AuQDs
and energy/electron transfer from the AuQDs to the AuNPs,
leading to a 13% increase in the PCE.
Experimental
Chemicals and materials

Three types of AuQDs (<2 nm) with different uorescence
emission wavelengths – blue-AuQDs (mixed Au5 and Au8; 5 and
8 Au atoms), green-AuQDs (Au13; 13 Au atoms), and red-AuQDs
(Au25; 25 Au atoms) (B-AuQDs, G-AuQDs, and R-AuQDs,
respectively) – were purchased from Dai Nippon Toryo Co.
Ltd. (Japan). All of them were capped by pepsin molecules as
a stabilizer.21 Poly(3-hexylthiophene-2,5-diyl) (P3HT), [6,6]-
phenyl C61 butyric acid methyl ester (PCBM), 1,2-dichloroben-
zene, and a colloidal solution of AuNPs with an average diam-
eter of 5 nm were purchased from Sigma-Aldrich (Japan). An
indium tin oxide (ITO)-coated glass substrate with a conduc-
tivity of 10 U cm�2 was purchased from Furuuchi Chemical
(Japan). Concentrated hydrochloric acid (HCl, 37%) and
analytical grade acetone were purchased from Sigma-Aldrich
(Japan).
Fabrication of AuQD/plasmonic AuNP-OSCs

The photovoltaic devices were fabricated on ITO-coated glass
substrates (area 1.0 cm2). Aer cleaning, the ITO glass substrate
was dried and treated with UV/ozone for 20 min to improve the
wettability of the ITO surface. To prepare the PEDOT:PSS:AuNP
This journal is © The Royal Society of Chemistry 2019
composite buffer layer, a 0.10 mM aqueous solution of AuNPs
with a particle size of 5.0 nm was mixed with PEDOT:PSS
solution (1 : 6 v/v) by sonicating for 1 h. The aqueous solution of
AuQDs (B-AuQDs, G-AuQDs, or R-AuQDs) with an optimized
concentration (see Table S1†) was rst deposited on the ITO
glass substrate by spin-coating and subsequently annealed at
120 �C for 30 min. The PEDOT:PSS:AuNP solution was then
spin-coated at 1000 rpm on top of the AuQD layer and annealed
at 120 �C for 30 min. The thickness of this layer was approxi-
mately 100 nm (ESI, Fig. S1†). A P3HT:PCBM blend solution
with a mass ratio of 1 : 0.8 in dichlorobenzene was spin-coated
on the PEDOT:PSS:AuNP surface, followed by annealing at
120 �C for 30 min. The P3HT:PCBM functioned as a photoactive
layer with a thickness of 100 nm (ESI, Fig. S2†). Finally,
a 150 nm thick Al electrode layer was deposited on the
P3HT:PCBM layer by thermal evaporation under vacuum. All
the devices were annealed at 150 �C for 45 min in a vacuum
chamber before further characterization.
Characterization

The photovoltaic properties and impedance spectra of the
fabricated devices were measured with a precision source/
measure unit (B2901A, Agilent) and a potentiostat (PARSTAT
4000, Princeton Applied Research), respectively, and the solar
cell was operated under illumination from a solar simulator
(HAL-C100, a 100 W compact xenon light source, Asahi Spectra)
with a light intensity of 75 mW cm�2. The UV-visible absorption
spectra of the AuQD/PEDOT:PSS:AuNP lms and the AuQD/
PEDOT:PSS:AuNP/P3HT:PCBM lms on ITO glass substrates
were evaluated with a UV-vis spectrometer (V-650, Jasco). The
surface morphologies of the AuQD lms and PEDOT:PSS:AuNP
lms were characterized using an atomic force microscope
(AFM, SPM-9600, Shimadzu, Japan).
Results and discussion
Optical properties and surface morphology of the AuQD/
plasmonic AuNP systems

Three types of AuQDs – B-AuQDs, G-AuQDs, and R-AuQDs –

were used in this study. The emitted visible light from the AuQD
layers was expected to increase light trapping by the developed
solar cells. The uorescence of the AuQDs depended signi-
cantly on their size, which affected the performance of the
plasmonic AuNP solar cells. AuQDs stabilized by pepsin in an
aqueous solution exhibit strong absorption at wavelengths
below 400 nm and emit uorescence at longer wavelengths in
the visible region.21 The absorption spectra of the three AuQD
solutions (5.0 mM) are presented in Fig. 1(a) and their uores-
cence spectra under UV light illumination (lext ¼ 350 nm) are
shown in Fig. 1(b). In addition, the uorescence of AuQDs on
glass slides was clearly observed with the naked eye under UV
light irradiation (ESI, Fig. S3†), where the colors corresponded
to those of the solutions. In this measurement, deionized water
was added to the AuQDs to maintain the same concentration
(5.0 mM) as in the AuQD/AuNP complex system in deionized
water, as the added AuNPs were dissolved in deionized water.
Nanoscale Adv., 2019, 1, 792–798 | 793
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Fig. 1 (a) UV-vis absorption spectra and (b) fluorescence spectra of
AuQDs and AuQD:AuNP aqueous solution.

Fig. 2 (a) Schematic of the fabricated OSCs and (b) J–V characteristics
of the OSCs compared with that of the reference cell.
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The absorption spectra of the AuQD/AuNP complex exhibit
a localized plasmon peak at around 525 nm in addition to the
absorption baseline of AuQDs. It should be noted that the
uorescence peaks of B-AuQDs and G-AuQDs decreased
considerably when they were mixed with the AuNPs. This result
clearly indicates that the uorescence emission of AuQDs is
quenched by AuNPs. Especially, signicant quenching was
observed in the G-AuQD/AuNP complex. Because the uores-
cence peak of G-AuQDs and the localized plasmon peak overlap
signicantly, the quenching can be considered mainly as an
energy transfer, which should enhance localized plasmon
excitation.24 This is expected to enhance photocarrier genera-
tion in the active layer when the G-AuQD/AuNP complex system
is used in OSC devices. However, almost no uorescence
quenching was observed for R-AuQDs/AuNPs. This is reason-
able because the overlap between the absorption of AuNPs and
the uorescence emission wavelength of R-AuQDs is very small,
resulting in almost no energy transfer in this system.

The surface morphologies of the AuQDs and AuQD/
AuNP:PEDOT:PSS lms were studied using atomic force
794 | Nanoscale Adv., 2019, 1, 792–798
microscopy (AFM). In this experiment, an aqueous solution of
AuQDs was deposited on an ITO/glass substrate by spin-coating
as shown in the ESI, Fig. S4.† The appearance of bright spots on
the surface originated from the aggregation of AuQDs with
a size of ca. 5 nm. Although aggregation of AuQDs was observed
on the lm surface, a photograph of AuQDs under UV irradia-
tion indicated homogeneous uorescence (see Fig. S3†), indi-
cating that the non-aggregated AuQDs were uniformly
deposited on the substrate together with the aggregated AuQDs.
It should be noted that the aggregated AuQDs with a size of
5 nm are expected to exhibit a plasmonic-like effect because the
size of Au becomes similar to that of plasmonic AuNPs.25 AFM
images of PEDOT:PSS lms and AuNP:PEDOT:PSS lms on
AuQD layers are presented in the ESI, Fig. S5.† A similar surface
morphology was observed aer spin-coating a pristine
PEDOT:PSS solution on top of all the AuQD layers (ESI,
Fig. S5(a–d)†). In addition, no signicant differences in the
morphologies of AuNP:PEDOT:PSS lms deposited on different
AuQD lms were observed, and the surfaces exhibited some
aggregation of AuNPs with a size of ca. 10 nm (ESI, Fig. S5(e–
h)†). Because a large degree of aggregation or surface roughness
at the interface of the PEDOT:PSS/P3HT:PCBM layer decreases
the device performance, we optimized the concentration of
AuNPs at 0.1 mM by measuring the OSC efficiency and the AFM
morphologies.
Photovoltaic performance of AuQD/plasmonic AuNP solar
cells

The proposed device structure of the AuQD/plasmonic AuNP
solar cells consists of Al/P3HT:PCBM/PEDOT:PSS:AuNP/AuQD/
ITO glass substrate as shown in Fig. 2(a). AuQDs emitting
This journal is © The Royal Society of Chemistry 2019
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uorescence at different wavelengths, B-AuQDs, G-AuQDs, and
R-AuQDs, were used to improve the properties of plasmonic
AuNP-enhanced photovoltaic devices. Under the same experi-
mental conditions, AuNPs were added to the hole-transport
PEDOT:PSS layer for photon trapping, and each AuQD layer
was used for UV light harvesting. The current density–voltage
(J–V) characteristics of different AuQD/plasmonic AuNP systems
in fabricated solar cells are presented in Fig. 2(b), and the
important photovoltaic parameters of the devices are given in
Table 1. A device with no metal nanoparticles was used as
a reference cell. Specically, AuNPs enhanced the performance
due to a localized surface plasmon effect, which enhanced the
optical path lengths via light scattering as well as increasing
light absorption by the photoactive layer.5,9,30 Moreover, a AuQD
layer inserted into the OSCs increased the efficiency by
absorbing light in the UV region and converting it to visible
light25 in the cells, in which a higher photogenerated carrier
density could be obtained via higher absorption of visible light
by the active layer. It should be noted that the P3HT:PCBM
exhibits almost no photoelectric conversion in the UV region
but exhibits absorption peak between 500 and 600 nm. We
found that the AuQD/AuNP complex system presented syner-
gistic benets in light management of the developed OSCs.
Aer incorporating a AuQD layer, B-AuQDs, G-AuQDs, or R-
AuQDs, and/or a AuNP:PEDOT:PSS layer into the polymer
solar cells, the open-circuit voltage (Voc) and the ll factor (FF)
were found to be similar, while the short-circuit current density
(Jsc) increased from 2.92% to 11.1%, and the power conversion
efficiency (PCE) increased from 2.47% to 13.0% in comparison
with the corresponding values for the reference cell. Of the three
AuQDs without added plasmonic AuNPs, incorporating G-
AuQDs in the solar cell gave the best performance, with a Jsc
of 7.33 mA cm�2 and PCE of 3.50%. Comparative J–V curves for
all the OSCs are clearly shown in the ESI, Fig. S6.† Interestingly,
the AuQDs/plasmonic AuNPs embedded in the devices offered
improved photovoltaic performance in comparison with only
AuQDs or only AuNPs in the OSCs. The results clearly indicated
that the Jsc and PCE of all the AuQD/plasmonic AuNP devices
were further enhanced compared to those of the solar cells
without plasmonic AuNPs in the HTL. The presence of both a G-
AuQD layer and AuNPs in the PEDOT:PSS lm produced the
greatest increase in the Jsc from 6.85 to 7.61 mA cm�2 and
Table 1 Photovoltaic parameters of the developed OSCs

Devices

Parameters

Jsc (mA cm�2) Voc (V)

Reference 6.85 � 0.08 0.59
AuNPs 7.28 � 0.05 0.59
B-AuQDs 7.05 � 0.15 0.59
G-AuQDs 7.33 � 0.02 0.59
R-AuQDs 7.21 � 0.07 0.60
B-AuQDs/AuNPs 7.20 � 0.11 0.59
G-AuQDs/AuNPs 7.61 � 0.04 0.60
R-AuQDs/AuNPs 7.38 � 0.05 0.60

This journal is © The Royal Society of Chemistry 2019
enhanced the PCE from 3.24% to 3.66%, followed by the R-
AuQD/plasmonic AuNP- and B-AuQD/plasmonic AuNP-OSCs.
The latter two solar cell systems exhibited Jsc values of 7.38
and 7.20 mA cm�2 and PCE values of 3.54% and 3.44%,
respectively. As observed with the uorescence measurements
shown in Fig. 1, UV harvesting by AuQDs and energy/electron
transfer to plasmonic AuNPs should play an important role in
enhancing the device performance. Therefore, light manage-
ment, namely a uorescent plasmonic system, should play an
important role in developing photovoltaics. By comparing the
efficiencies of the AuQD/AuNP-OSCs and AuQD-OSCs (without
AuNPs), we can determine how much synergistic enhancement
is obtained from each AuQD/AuNP system. The enhancement of
the G-AuQD/AuNP-OSCs (h ¼ 3.66%) compared to G-AuQD-
OSCs (h ¼ 3.50%) was found to be 4.6%, while the enhance-
ment of B-AuQD/AuNP-OSCs (h ¼ 3.44%) compared to B-AuQD-
OSCs (h ¼ 3.32%) was 3.6%, and for R-AuQD/AuNP-OSCs
(h ¼ 3.54%) it was 2.6% compared to R-AuQD-OSCs (h ¼
3.45%). The enhancement of the G-AuQD/AuNP combination
was much more than that of the R-AuQD/AuNP combination,
indicating that the best synergistic effect was obtained in this
system. This is reasonable because the energy transfer, which
enhances the localized surface plasmon excitation, can be ob-
tained in the G-AuQD/AuNP system due to the overlap of the
wavelength between the uorescence of G-AuQDs and the
localized plasmon peak of AuNPs. For the B-AuQD/AuNP-OSCs,
the enhancement was greater than that of the R-AuQD/AuNP-
OSCs, although not as high as that for G-AuQD/AuNP-OSCs.
This could be due to the signicant aggregation of B-AuQDs
observed in the AFM images and also due to the reduced
energy/electron transfer compared to that of the G-AuQD/AuNP
system observed in Fig. 1.

To study the cooperative effects of AuQDs and AuNPs on the
OSC properties, especially photocurrent responses or Jsc, we
measured the incident photon-to-current efficiency (IPCE)
spectra (incident light wavelength 300–800 nm). The solar cells
fabricated with individual AuQDs demonstrated an improve-
ment in the IPCE spectra as shown in Fig. 3(a). (Here, the
V-shaped dip at around 470 nm originated from the light source
characteristic, which was not related to the device perfor-
mance.) These devices showed dramatically enhanced IPCE
values over a broad wavelength range of 300–800 nm.
FF (%) PCE (%) Enhancement (%)

0.59 3.24 —
0.60 3.42 5.56
0.59 3.32 2.47
0.60 3.50 8.02
0.60 3.45 6.48
0.60 3.44 6.17
0.60 3.66 13.0
0.60 3.54 9.26

Nanoscale Adv., 2019, 1, 792–798 | 795
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Fig. 3 (a) % IPCE and (b) E.F. profiles for the AuQD-only layer system
and (c) % IPCE and (d) E.F. profiles for the AuQD/plasmonic AuNP-
OSCs.
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Incorporating G-AuQDs into OSCs produced the greatest IPCE
improvement, comparable to the increase in the Jsc and PCE
values, followed by those of R-AuQDs and B-AuQDs. Addition-
ally, the IPCE enhancement factors (E.F.), obtained by dividing
the IPCE values of the developed OSCs by the IPCE values of the
reference solar cell, were plotted against the incident light
wavelength as presented in Fig. 3(b). This clearly shows
enhancement of the IPCE values for all OSCs based on a AuQD
layer only. The effect of the AuQD layer on OSCs can be
described as follows. The E.F. in the near-UV wavelength region,
particularly around 300–500 nm, were induced by absorption by
AuQDs within the device. Via a quantum effect, these absorbed
UV and emitted uorescence at longer wavelengths, especially
in the visible light region, to be absorbed by photoactive
materials in the OSCs. Therefore, an increase in the E.F. from
300–500 nm was found, by which AuQDs generated uores-
cence in the visible region, which promoted a higher number of
photocarriers in the photoactive layer. Over the region 420–
680 nm, it was found that G-AuQDs offer the highest improve-
ment by emitting the highest intensity uorescence, which
should be available for absorption by the photoactive layer, and
by a plasmonic-like effect associated with the aggregated
AuQDs.25 With respect to the IPCE in the wavelength range 700–
800 nm, R-AuQDs provided the highest enhancement due to
their uorescence. In the region 450–800 nm, the E.F. for B-
AuQD-OSCs were lower than those for the other two OSCs,
even while presenting strong uorescence emission. This might
be caused by signicant aggregation, which generally occurs
with small high-surface-area nanoparticles,31 thus lowering the
photovoltaic properties of our OSCs.

Furthermore, the combination of AuQDs and plasmonic
AuNPs in the HTLs of OSCs was studied. Again, the IPCE spectra
and E.F. of AuQD/plasmonic AuNP-OSCs were investigated as
shown in Fig. 3(c) and (d), respectively. A greater improvement
796 | Nanoscale Adv., 2019, 1, 792–798
in the IPCEs over a similar wavelength region was observed for
all OSCs. Fig. 3(d) presents a larger IPCE enhancement in the G-
AuQD/plasmonic AuNP system, which showed the best
improvement in the IPCE, which correlated with its J–V prop-
erties. It was found that this combination improved our device
over the full wavelength range. In the region from 375–650 nm,
the OSC with plasmonic AuNPs incorporated into the HTL
showed a lower IPCE enhancement than AuQD/plasmonic
AuNP-OSCs, but its IPCE was higher than that of the reference
OSC. The G-AuQD/plasmonic AuNP-OSC showed an increased
IPCE over the whole wavelength range. In this case, the
enhancement of the AuQD/plasmonic AuNP-OSCs could result
from a variety of unique properties of AuQDs and AuNPs within
the devices. This could be explained mainly according to two
phenomena. Firstly, the plasmonic effect (localized plasmon
excitation) of AuNPs, which enhanced the light trapping and the
optical absorption cross-section of the device, improved the
efficiency.1,30 Mixing the AuNPs into the PEDOT:PSS or HTL
could increase the absorption possibilities of the photoactive
layer and also increase the exciton generation rate and proba-
bility of exciton dissociation.32 Secondly, AuQDs exhibit uo-
rescence emission that depends on the quantum size effect.33 B-
AuQD, G-AuQD, and R-AuQD layers not only enhance the light
harvesting from the UV region but also generate specic uo-
rescence emission inside the fabricated devices.21 In this study,
incorporating a AuQD layer into the plasmonic AuNP devices
also improved their efficiency. In particular, the best G-AuQD/
plasmonic AuNP-OSC demonstrated UV absorption and gener-
ated strong uorescence emission (a maximum wavelength of
ca. 525 nm), with energy that matched localized plasmon exci-
tation, facilitating energy transfer from the AuQDs to the plas-
monic AuNPs; therefore, this contributed to the largest increase
in absorption and photocarrier generation in the P3HT:PCBM
active layer.
Impedance spectroscopy of AuQD/plasmonic AuNP-OSCs

To further study the enhancement effect, electrochemical
impedance spectroscopy was used to analyze the internal
resistances and carrier transport kinetics in the OSCs.34,35 In this
measurement, the interfacial properties of the developed OSCs
with AuQDs and AuQDs/plasmonic AuNPs were studied.
Nyquist plots of the impedance spectra under solar light illu-
mination for the developed OSCs, including AuQD and AuQD/
plasmonic AuNP systems, are shown in Fig. 4(a) and (b),
respectively. All the devices exhibited a single semicircular curve
in their Nyquist plots, and signicant differences among the
impedance spectra of each device were observed. Simple
equivalent circuit models are shown in the insets of Fig. 4(a)
and (b). In this model, the Rs value or contact resistance in
series represents the resistive loss in the ITO and PEDOT:PSS,
corresponding to the intersection of the semicircles.30 We found
that the Rs values of both AuQD and AuQD/plasmonic AuNP
devices were slightly smaller than that of the reference cell. This
indicated that the interfacial contact resistance of the fabricated
devices was decreased by insertion of the AuQD layer, loading
AuNPs into the PEDOT:PSS lm, or combining AuQD and
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Nyquist plots of the OSCs based on (a) individual AuQD layers
and (b) the AuQD/plasmonic AuNP systems under solar light illumi-
nation. Bode phase plots of the OSCs based on (c) individual AuQD
layers and (d) the AuQD/plasmonic AuNP systems under solar light
illumination.
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AuNP:PEDOT:PSS layers. On the other hand, the constant phase
element in parallel with the charge transfer resistance (Rct)
corresponds to the capacitance, which is used to describe the
distribution of carrier relaxation time at the active layer.36 The
Rct values of the fabricated plasmonic solar cells decreased as
a result of incorporation of the plasmonic layers. The Rct values
of the devices were derived as follows: 9.8 U for the cells with no
plasmonic nanoparticles, 8.9 U for those with a AuNP:PE-
DOT:PSS layer only, 8.3U for those with a B-AuQD layer only, 7.9
U for those with a R-AuQD layer only, and 7.3 U for those with
a G-AuQD layer only. Interestingly, incorporating both AuNP:-
PEDOT:PSS and AuQD layers into OSCs resulted in lower Rct

values compared to those of individual systems, which were 8.1,
7.4, and 6.7 U for AuNP:PEDOT:PSS with B-AuQD, R-AuQD, and
G-AuQD systems, respectively. This indicates that introducing
AuNPs into the hole-transport layer (HTL) and a layer of AuQDs
into OSCs could enhance the charge transfer.30 Adding a AuQD
layer could increase the number of photocarriers in the device
via its uorescence properties, which is consistent with the
results obtained from J–V measurements. These photo-
generated carriers in the P3HT:PCBM layer should result from
the absorption of UV and visible light uorescence emission in
the AuQD layer. Furthermore, the combination of AuQDs and
AuNPs further increased the photocarriers. This could be due to
an enhanced localized plasmon eld at the AuNPs caused by the
uorescence emission of AuQDs and energy/electron transfer
from the AuQDs to AuNPs, which corresponded to the uores-
cence quenching shown in Fig. 1. Frequency peaks of the Bode
phase plots for AuQD- and AuQD/plasmonic AuNP-OSCs are
shown in Fig. 4(c) and (d), respectively. The frequency peaks are
related to the electron lifetime in the devices.9,34,37 It could be
seen that aer adding a AuQD layer to the devices, the frequency
peaks slightly shied to higher frequency in comparison
with that of the reference cell. Similarly, the OSCs with
This journal is © The Royal Society of Chemistry 2019
AuQD/plasmonic AuNP systems exhibited higher frequency
peaks compared to that of a cell with only AuNPs. The average
electron lifetimes in organic solar cells can be investigated
using impedance spectroscopy.36,38 The characteristic frequency
peak of each OSC in Bode phase plots was employed to calculate
the average electron lifetime (savg).15,39 The average carrier life-
times are summarized in Table S21 (ESI).† The results are not
signicantly different, suggesting that AuNP:PEDOT:PSS and/or
AuQD layers might not signicantly affect the carrier lifetime.
Therefore, modication of the OSC congurations with the
AuQD/AuNP complex improved the device performance mainly
by the enhanced photocarrier generation due to the synergistic
effect of uorescence emission and enhanced plasmonic
properties via energy/electron transfer from AuQDs to AuNPs.

Conclusions

We successfully designed an efficient AuQD/plasmonic AuNP
system to manage light harvesting to enhance OSCs. A AuQD
layer with green uorescence emission and a AuNP:PEDOT:PSS
HTL with localized plasmon excitation achieved the best light
harvesting in OSCs. A G-AuQD/AuNP complex system exhibited
enhanced photovoltaic performance (a Jsc of 7.61 mA cm�2 and
a PCE of up to 3.66% (13% improvement)), compared to refer-
ence OSCs. AuQDs could broaden light harvesting in the UV
region and emit light in the visible region, which could be
absorbed by the active layer as well as inducing energy/electron
transfer to the plasmonic AuNPs, resulting in increased light
harvesting in OSCs. Hence, the AuQD/AuNP complex system
designed for OSCs has the potential to synergistically enhance
OSC performance. Our strategy for light manipulation in OSCs
using AuQDs and AuNPs is promising and could be applied to
the development of other types of solar cells.
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H. C. Gokkaya, A. B. Djurǐsić, J. A. Zapien, W. K. Chan and
C. Surya, ACS Appl. Mater. Interfaces, 2014, 6, 20676.

31 Y. Xia, Y. Xiong, B. Lim and S. E Skrabalak, Angew. Chem., Int.
Ed., 2009, 48, 60.

32 F.-C. Chen, J.-L. Wu, C.-L. Lee, Y. Hong, C.-H. Kuo and
M. H. Huang, Appl. Phys. Lett., 2009, 95, 013305.

33 J. Zheng, C. Zhang and R. M. Dickson, Phys. Rev. Lett., 2004,
93, 077402.

34 C.-P. Hsu, K.-M. Lee, J. T.-W. Huang, C.-Y. Lin, C.-H. Lee,
L.-P. Wang, S.-Y. Tsai and K.-C. Ho, Electrochim. Acta, 2008,
53, 7514.

35 K. Hara, C. Lertvachirapaiboon, R. Ishikawa, Y. Ohdaira,
K. Shinbo, K. Kato, F. Kaneko and A. Baba, Phys. Chem.
Chem. Phys., 2017, 19, 2791.

36 B. J. Leever, C. A. Bailey, T. J. Marks, M. C. Hersam and
M. F. Durstock, Adv. Energy Mater., 2012, 2, 120.

37 Q. Wang, J.-E. Moser and M. Grätzel, J. Phys. Chem. B, 2005,
109, 14945.

38 J. Bisquert, F. Fabregat-Santiago, I. Mora-Seró, G. Garcia-
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