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G
iven that its active layer is amenable
to simple solution processing, or-
ganic photovoltaic (OPV) technol-

ogy is an inexpensive, flexible, and light-
weight option for solar energy conversion.
Research in organic solar cells started in the
early 1980s and focused on Schottky junc-
tions with low work function metals and
p-n junctions with p-type organic semicon-
ducting polymers and inorganic n-type
semiconductors.1�5 Interest in the field in-
tensified after Tang et al. demonstrated an
OPV device in 1986 with a 0.95% efficiency
using organic polymers as both donors and
acceptors.6 Other breakthroughs in OPV
technology came with the introduction of

buckminsterfullerene (C60) and its deriva-
tives, such as [6,6]-phenyl-C60-butyric acid
methyl ester (PC60BM) as n-type organic
materials by Sariciftci et al.7,8 and with the
development of the bulk heterojunction
(BHJ) by Hiramoto et al.9 Seminal BHJ OPV
papers using poly(2-methoxy-5(20-ethylhexyl-
oxy)-1,4-phenylenevinylene (MEH-PPV) as
the donor molecule and PC60BM as the
acceptor molecule were published by the
Heeger10 and Friend11 groups independently
in 1995. As research in the field continued,
studies revealed that the nanoscale mor-
phology of the active layer of OPV devices
was critical for optimizing their efficiency.12,13

Numerous strategies, including solvent
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ABSTRACT We demonstrate that incorporation of octadecyltrimethoxysilane

(OTMS)-functionalized, spectrally tuned, gold/silica (Au/SiO2) core/shell nano-

spheres and nanorods into the active layer of an organic photovoltaic (OPV)

device led to an increase in photoconversion efficiency (PCE). A silica shell layer was

added onto Au core nanospheres and nanorods in order to provide an electrically

insulating surface that does not interfere with carrier generation and transport

inside the active layer. Functionalization of the Au/SiO2 core/shell nanoparticles

with the OTMS organic ligand was then necessary to transfer the Au/SiO2 core/shell nanoparticles from an ethanol solution into an OPV polymer-compatible

solvent, such as dichlorobenzene. The OTMS-functionalized Au/SiO2 core/shell nanorods and nanospheres were then incorporated into the active layers of

two OPV polymer systems: a poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCB60M) OPV device and a poly[2,6-4,8-di(5-

ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione] (PBDTT-DPP:PC60BM)

OPV device. For the P3HT:PC60BM polymer with a band edge of ∼700 nm, the addition of the core/shell nanorods with an aspect ratio (AR) of ∼2.5

(extinction peak∼670 nm) resulted in a 7.1% improvement in PCE, while for the PBDTT-DPP:PC60BM polymer with a band edge of∼860 nm, the addition

of core/shell nanorods with an AR of ∼4 (extinction peak ∼830 nm) resulted in a 14.4% improvement in PCE. The addition of Au/SiO2 core/shell

nanospheres to the P3HT:PC60BM polymer resulted in a 2.7% improvement in PCE, while their addition to a PBDTT-DPP:PC60BM polymer resulted in a 9.1%

improvement. The PCE and Jsc enhancements were consistent with external quantum efficiency (EQE) measurements, and the EQE enhancements spectrally

matched the extinction spectra of Au/SiO2 nanospheres and nanorods in both OPV polymer systems.

KEYWORDS: plasmonic effect . surface plasmon . organic photovoltaics . plasmonic organic photovoltaics . polymer solar cells .
gold nanorods . gold nanospheres . core/shell nanostructure . silica shells . aspect ratio
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selection,14�16 thermal annealing,17 and the incorpora-
tion of various additives,13 have led to improved active
layermorphologies and consequently further improve-
ments in photon conversion efficiencies (PCEs).18

High carrier mobility donor polymers such as poly-
(3-hexylthiphene) (P3HT)19 and lowbandgappolymers
such as poly[2,6-4,8-di(5-ethylhexylthienyl)benzo-
[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis-
(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione]
(PBDTT-DPP), which have absorption wavelengths
that extend up to ∼850 nm, have also led to PCE
improvements.20 Currently, a PCE of over 9% for
single-junction OPVs has been achieved by Mitsubishi
Chemical,21 and a NREL-certified PCE of 10.6% has
been achieved for tandem cells.22,23

Photons absorbed by an OPV device can only gen-
erate current if they are absorbed near donor�
acceptor interfaces such that dissociation occurs prior
to dissipative recombination. Since the carrier mobility
is small in photoactive polymers (on the order of
10�4 cm2/V 3 s or less), it is common to use rather thin
films (100 nm or less) in order to achieve efficient
carrier extraction.24 The use of such thin layers means
a significant portion of the incident photon flux
remains unharvested; it alsomeans that the light absorp-
tion efficiencies of OPV devices can be improved.
Light trapping refers to the various methods used to

increase the distance over which incident photons
interact with photovoltaic (PV) materials, thereby in-
creasing the likelihood of photon absorption. From a
ray-optics perspective, conventional light trapping
employs total internal reflection by patterning the
entrance or exit interfaces of the solar cell and redi-
recting the incident light into the PV active layer.25 In
thick crystalline silicon solar cells, light trapping is
typically achieved with the use of patterned structures
that have features on the scale of the wavelength of
light;26 however, since the active layers in organic cells
have thicknesses that are far smaller than the wave-
length of light, the relatively large-scale geometries
used in traditional light trapping designs are not
suitable for OPVs.27 For OPV applications, light trap-
ping techniques that rely on structures compatible
with the scale of OPV films, in other words, at a scale
less than 100 nm, are needed.26

One light trapping method that shows promise for
OPV applications involves the use of noble metal
(mainly gold or silver) nanoparticles.28 Noble metal
nanoparticles are capable of confining resonant
photons in such a manner as to induce coherent
surface plasmon oscillation of their conduction band
electrons.29 At the resonant frequency, termed the
local surface plasmon resonance (LSPR), a large en-
hancement of the nanoparticle's light absorption and
scattering properties occurs.30 For example, a Ag nano-
particle in air has a scattering cross section that is
around 10 times the geometrical cross-sectional area

of the particle; hence, a substrate covered with a 10%
areal density of Ag particles could ideally absorb and
scatter all of the light incident on the substrate.29

Indeed, noble metal nanoparticles deposited on the
top of thin film solar cells have been shown to pre-
ferentially scatter light into the high-index substrate,
leading to enhanced coupling with the underlying
semiconductor and thus a reduced reflectance over a
broad spectral range.32

Light trapping with Au and Ag nanoparticles for
OPVs has been demonstrated by various groups.33

By incorporating Au nanospheres (∼45 nm diameter)
into the poly(ethylenedioxythiophene):polystyrenesul-
fonate (PEDOT:PSS) buffer layer of a P3HT:PC60BM OPV
device, Morfa et al. increased the PCE of the device
from 1.3 to 2.2%.33 Qiao et al. showed that Au nano-
particles (∼15 nm diameter) introduced into the
PEDOT:PSS layer of an OPV device using poly(2-methoxy-
5(20-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV)
as the active layer enhanced the PCE from 1.99 to
2.36%,34 while Wu et al. demonstrated that incorporat-
ing Au nanoparticles (∼45 nm diameter) into the
anodic buffer layer of a P3HT:PC60BM OPV device
improved the PCE from 3.57 to 4.24%.35 More recently,
Au nanoparticles (∼72 nmdiameter) were deposited in
the interconnecting layer of an inverted tandem poly-
mer solar cell, resulting in a 20% increase in PCE
(from 5.22 to 6.24%).36 In all of these reports, because
the plasmonic nanoparticles were inserted relatively
far from the active organic layers of the OPV devices,
the documented absorption enhancements arose
from the light scattering properties of the Au nano-
particles and failed to exploit the near-field enhanced
LSPR modes.26 As theoretical studies have shown,
embedding plasmonic nanoparticles into the active
layer of an OPV device can capitalize on both the light
scattering effect and the enhanced LSPR near-field.37,38

Currently, there are only a few reports documenting
incorporation of plasmonic materials into OPV active
layers. Szeremeta et al. showed that Cu nanoparticles
(20 nm) embedded inside P3HT layers enhanced the
dissociation of excitons without increasing the P3HT
optical absorption.39 Wang et al. demonstrated
improved PCEs in three different polymer systems
resulting from the incorporation of Au nanoparticles
into the active layers.40 Xue et al. incorporated Ag
nanoparticles into the active layer of a P3HT:PC60BM
OPV device and found that, while their addition into
the active layer significantly enhanced carrier mobility,
it decreased the total extracted carrier density.41

A potential way to address this issue is to coat the
noble metal nanoparticles with a thin layer of SiO2,
rendering their surfaces insulating yet still allowing
them to retain their attractive optical properties.
The frequency of light that is resonantly absorbed

and scattered from a nanoparticle is another important
consideration in optimizing OPV device performance.
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Since different OPV polymers have different light
absorption frequency bands, it is of interest to develop
a light trapping technique that can be tailored to
specific OPV polymers. The peak extinction frequency
of noble metal nanospheres is ∼520 nm and varies
∼20 nm depending on the nanosphere size.31 In Au
nanorods, on the other hand, free electrons oscillate
along both the long and short axes of the rod, resulting
in two resonance bands: a band of wavelengths result-
ing from electron oscillations along the long axis,
which, depending on the nanorod aspect ratio (AR)
ranges between ∼600 and ∼900 nm, and, a second,
weaker band at ∼520 nm resulting from electron
oscillations along the short axis (similar to nano-
spheres).42 Incorporating Au nanorods of different
ARs (and hence different peak extinction wavelengths)
into OPV active layers can thus be utilized to achieve
LSPR near-field absorption enhancements over a large
range of wavelengths.

RESULTS AND DISCUSSION

In order to study the viability of this approach,
Au/SiO2 core/shell nanospheres and nanorods were
incorporated into the active layers of two polymer OPV
systems: broad band gap P3HT:PC60BM and low band
gap PBDTT-DPP:PC60BM. We hypothesized that the
greatest enhancement due to the LSPR near-field
would be observed in spectral regions where the
OPV polymer absorbs poorly and the lowest enhance-
ment would be observed in spectral regions where the
OPV polymer absorbs efficiently. To investigate this
hypothesis, EQE measurements on OPV devices with
spectrally tuned Au/SiO2 nanoparticles were per-
formed. For the P3HT:PC60BM system, Au/SiO2 nano-
sphereswith a peak extinction of∼540 nm (matching a
spectral region of high polymer absorption) and
AR ∼ 2.5 Au/SiO2 nanorods with a peak extinction of
∼670 nm (matching a spectral region of poor polymer
absorption at the band edge of the P3HT:PC60BM)were
synthesized. For the low band gap polymer PBDTT-
DPP:PC60BM system, Au/SiO2 nanospheres with a peak
extinction of ∼540 nm (matching a spectral region of
moderate polymer absorption) and AR ∼ 4 Au/SiO2

nanorods with a peak extinction of ∼830 nm (match-
ing a spectral region of poor polymer absorption at the
OPV polymer band edge) were synthesized. The SiO2

shell thickness in all samples was∼10 nm. Short circuit
current (Jsc), open circuit voltage (Voc), and external
quantum efficiency (EQE) measurements were per-
formed on the devices. Blending the Au/SiO2 nano-
spheres and nanorods into the active layer resulted in
enhanced Jsc and PCE in both the P3HT:PC60BM and
PBDTT-DPP:PC60BM devices compared to the reference
devices (Supporting Information, Tables S.1�S.4).
Figure 1i shows the transmission electron microscopy
(TEM) images of (A) Au nanospheres, (B) AR ∼ 2.5 Au
nanorods, (C) AR ∼ 4 Au nanorods, (D) Au/SiO2

nanospheres, (E) AR ∼ 2.5 Au/SiO2 nanorods, and
(F) AR∼ 4 Au/SiO2 nanorods. Figure 1ii shows the extinc-
tion spectra of bare Au nanospheres, AR ∼ 2.5 nano-
rods, and AR ∼ 4 nanorods in water (corresponding
TEM images are A�C) plotted with the extinction
spectra of Au/SiO2 core/shell nanorods in dichloroben-
zene (corresponding TEM images are D�F). Figure 1iii
shows normalized extinction spectra of solutionsD and
E plotted with a normalized EQE spectrum of P3HT:
PC60BM, while Figure 1iv shows a normalized EQE
spectrum of PBDTT-DPP:PC60BM plotted with normal-
ized extinction spectra of solutions D and F. Figure 1v
shows the reference and plasmonic OPV device EQE
spectra for the P3HT:PC60BM system, while the EQE
spectra of plasmonic and reference devices using the
PBDTT-DPP:PC60BM system are shown in Figure 1vi.
The reference device EQE spectra were subtracted

from the plasmonic device EQE and divided by the
reference device EQE spectra in order to obtain spec-
tral EQE enhancement percentages (ΔEQE (%,λ) =
(EQEplasmonic (%,λ) � EQEref (%,λ)). Figure 2 shows
EQE enhancement factors (ΔEQE/EQEref) of OPV plas-
monic devices compared to reference devices plotted
with the extinction spectra of Au/SiO2 nanosphere and
nanorod colloidal solutions embedded in their active
layers.
EQE enhancements in both polymer systems spec-

trally matched the extinction spectra of the active
layer-incorporated Au/SiO2 core/shell nanospheres
and nanorods. AR ∼ 4 Au/SiO2 core/shell nanorods
with extinction peaks matching the band edges of the
PBDTT-DPP:PC60BM systems showed the highest EQE
enhancement factors, while Au/SiO2 nanospheres
incorporated in the P3HT:PC60BM system showed the
lowest performance enhancement. In the low band
gap polymer system, PBDTT-DPP:PC60BM, we found
that the improvement was in two spectral regions: one
that matched the longitudinal oscillation mode of the
Au/SiO2 nanorods and one that matched the trans-
verse oscillation mode of the Au/SiO2 nanorods. The
mismatch between the EQE of the P3HT:PC60BM poly-
mer systemand the extinction spectrumof the Au/SiO2

nanospheres requires further investigation.
A concentration study was also conducted and

revealed that OPV device performance depended on
the amount of Au/SiO2 core/shell nanospheres or
nanorods incorporated into the active layer. Increasing
the amount of Au/SiO2 nanoparticles led to an initial
increase in solar cell PCE. As the Au/SiO2 concentration
increased, however, a drop in device performance was
observed. For the P3HT:PC60BM system, the optimal
Au/SiO2 nanosphere concentration was 0.4 and
0.6 mg/mL for the Au/SiO2 nanorods; concentrations
of nanospheres or nanorods greater than 2 mg/mL
resulted in OPV device performance degradation. The
optimum Au/SiO2 core/shell nanosphere concentra-
tion for the PBDTT-DPP:PC60BM system was 0.1 and
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Figure 2. Spectral EQE enhancements of (i) P3HT-based device with Au/SiO2 nanospheres (solution D). (ii) PBDTT-DPP-based
device with solution Au/SiO2 nanospheres (solution D). (iii) P3HT-based device with AR ∼ 2.5 Au/SiO2 core/shell nanorods
(solution E). (iv) PBDTT-DPP-based device with AR ∼ 4 Au/SiO2 core/shell nanorods (solution F).

Figure 1. (i) TEM images and (ii) extinction spectra of corresponding colloidal solutions of (A) Au nanospheres in water,
(B) Au/SiO2 core/shell nanospheres in dichlorobenzene (DCB), (C) Au nanorods of AR ∼ 2.5 in water, (D) Au/SiO2 core/shell
nanorods of AR ∼ 2.5 in DCB, (E) Au nanorods of AR ∼ 4 in water, (F) Au/SiO2 core/shell nanorods of AR ∼ 4 in DCB A�F. (iii)
Normalized EQE of P3HT:PC60BM plotted with normalized extinction spectra of D and E. (iv) Normalized EQE spectrum of
PBDTT-DPP:PC60BM devices with D and F and reference devices. (v) Reference and plasmonic OPV device EQE spectra for the
P3HT:PC60BM system. (vi) Reference and plasmonic OPV device EQE spectra for the PBDTT-DPP:PC60BM system.
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0.2 mg/mL for the AR ∼ 4 Au/SiO2 nanorods; concen-
trations of either nanospheres or nanorods greater
than 1 mg/mL resulted in OPV device performance
degradation. The results of the concentration study are
summarized in Figure 3.
We postulate that the reason for the observed trends

is that, with increasing Au/SiO2 core/shell nanoparticle
concentration, the OPV cell morphology is disturbed.
In order to investigate this further, atomic force micro-
scopy (AFM) studies of the surfaces of the OPV cells
with Au/SiO2 core/shell nanospheres that yielded the
highest and lowest PCEs along with reference devices
for both the P3HT and PBDTT-DPP-based OPV devices
were conducted using a Bruker Dimension 5000 scan-
ning probe microscope (SPM) in “tapping” mode. The
best plasmonic OPV devices show similar height and
phase images as the reference devices, indicating a
relatively unchanged morphology in the bulk hetero-
junction. On the other hand, the plasmonic OPV de-
vices with higher Au nanorod loading show increased
roughness as well as some abrupt bumps on the
surface, which might be the aggregations of the Au/
SiO2 nanoparticles. Figures S.1 and S.2 in the Support-
ing Information show the results of our AFM study. The
BHJmorphology evolution as with different addition of
Au/SiO2 nanoparticles is certainly a critical factor af-
fecting the overall device performance; for example,
the Au/SiO2 nanoparticles might alter the crystallinity,
molecular packing, and donor/acceptor interface.
However, the detailed morphology study is beyond
the scope of this work.

CONCLUSION

In conclusion, we achieved improvements in the PCE
and Jsc of two OPV polymer systems by incorporating
resonant light absorption and scattering Au/SiO2 core/
shell nanorods in their active regions. For the P3HT:
PC60BM system, the incorporation of Au/SiO2 core/
shell nanospheres with a peak extinction wavelength
of∼540 nm into the active layer led to a 2.7% increase
in PCE. Active layer incorporation of Au/SiO2 nanorods
with a peak extinction wavelength of∼670 nmmatch-
ing the P3HT:PC60BM polymer band edge led to a 7.1%
increase in OPV device PCE. For the PBDTT:PC60BM
system, active layer incorporation of Au/SiO2 nano-
spheres with a peak extinction wavelength of
∼540 nm led to a 9.1% increase in PCE, while Au/
SiO2 core/shell nanorods with a peak extinction
wavelength of ∼830 nm matching the band edge
of PBDTT-DPP:PC60BM showed the highest PCE en-
hancement, a 14.4% increase. The results indicate
that spectral tuning of the active layer plasmonic
light trapping particles is a key consideration for
plasmonic light trapping in OPVs. In order to max-
imize light trapping in practical applications, the
extinction peak wavelength of active layer-incorporated
Au/SiO2 nanoparticles should spectrally match wave-
length regions of poor OPV light absorption. In spectral
regions where the OPV polymer absorbs light effi-
ciently, the effect of incorporating spectrally matched
plasmonic light trapping nanoparticles was found to
be less pronounced.

Figure 3. Solar cell PCE as a function of Au/SiO2 nanosphere and nanorod concentrations for (i) D in P3HT:PC60BM, (ii) D in
PBDTT-DPP:PC60BM, (iii) E in P3HT:PC60BM, and (iv) F in PBDTT-DPP:PC60BM.
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Our data also indicate that plasmonic OPV device
performance is sensitive to the Au/SiO2 core/shell
nanoparticle concentration incorporated into the
active layer. Device performancewas found to increase
with the addition of core/shell nanoparticles up to a
certain concentration; higher concentrations of core/
shell nanoparticles were found to degrade device
performance. AFM analysis indicated that the addition
of high concentrations of Au/SiO2 core/shell par-
ticles in the active layer led to the increased surface

roughness and potential disruption of the OPV poly-
mer morphology.
The results of this study support the viability of our

approach of increasing OPV solar cell device efficien-
cies by incorporating spectrally tuned Au/SiO2 core/
shell nanorods into OPV active layers. Our data indicate
that plasmonic enhancement should target spectral
regions where the OPV cell absorbs poorly and that the
concentration of the plasmonic light trapping nano-
particles should be carefully controlled.

METHODS
Au/SiO2 Core/Shell Nanoparticle Synthesis. The synthesis of Au

nanospheres was achieved by reducing gold chloride (HAuCl4)
with sodium borohydride (NaBH4) in the presence of a sur-
factant (cetyltrimethylammoniumbromide (CTAB)). To prepare
10.6 mL of Au nanospheres, 5 mL of a 0.5 mM HAuCl4 solution
was mixed with 5 mL of a 0.2 M CTAB solution, and then 0.6 mL
of ice cold NaBH4 was added to initiate the reaction. The
protocol produces 2�5 nm diameter nanospheres which
increased in size to ∼20 nm diameter nanospheres over a few
days.

Synthesis of Au nanorods required preparation of two
solutions: a seed solution and a growth solution. The seed
solution was prepared by mixing 5 mL of 0.5 mM HAuCl4,
5 mL of 0.2 M CTAB, and 0.6 mL of 0.1 M ice cold NaBH4. A
solution of nanorods with a plasmon resonance of ∼650 nm
was prepared using a growth solution that contained 0.6 mL of
0.01 M AgNO3, 20 mL of 0.5 mM HAuCl4, 20 mL of 0.2 M CTAB,
and 0.7 mL of 0.77 M ascorbic acid. To prepare nanorods with
an extinction peak of ∼800 nm, 0.9 mL of 0.01 M AgNO3 was
used instead of 0.6 mL of 0.01 M AgNO3 in the growth
solution. The growth process was initiated by injecting
26 μL of seed solution into the growth solution at a tempera-
ture of 27 �C. The reaction took approximately 2 h to come to
completion.

To coat the Au nanorods with SiO2, a literature protocol
developed by Pastoriza-Santos was followed.43 The nanorods
were first rendered vitreophyllic by treating them with con-
secutive polyelectrolyte layers. Au metal has little affinity for
SiO2 because, unlike most other metals, it does not form a
passivating oxide film in solution. Furthermore, the CTAB
stabilizing surfactant interferes with the SiO2 coating process.
In order to replace the CTAB stabilizer and modify the Au
nanorod surface chemistry, consecutive polyelectrolyte layers
were adsorbed onto the metal surface. This process proceeded
in the following manner. First, the as-synthesized, CTAB-
stabilized Au rods were centrifuged, and the precipitate was
redissolved in 3 mL of distilled water and then added to 3 mL of
an aqueous solution containing polystyrene sulfonate (PSS)
(2 mg/mL and 6 mM NaCl) and stirred for approximately 3 h.
The PSS-modified particles were centrifuged twice to remove
any excess PSS and redispersed in 3 mL of deionized water. The
dispersion was then added dropwise under vigorous stirring to
3 mL of an aqueous solution of poly(aniline hydrochloride)
(PAH) of (2 mg/mL and 6 mM NaCl). PAH adsorption was
allowed to proceed for 3 h. The sample was then centrifuged
to remove excess polyelectrolyte and redispersed in 3 mL of
deionized water. Finally, 3 mL of the PSS/PAH-functionalized Au
spheres was added to a polyvinylpyrrolidone (PVP) solution
(4 mg/mL). The mixture was stirred for approximately 12 h,
centrifuged to remove any excess polymer, and redispersed in
0.2 mL of deionized water. This aqueous dispersion of PVP-
coated nanoparticles was then added dropwise and under
vigorous stirring to 2 mL of isopropyl alcohol (IPA). Once the
Au nanoparticles were transferred into IPA, SiO2 coating was
completed through the adjustment of the pH and addition of
tetraethylorthosilicate (TEOS). The pH was adjusted to 10 by

adding 1.5 mL of 4 vol % NH3 in IPA (27% in water). Finally,
0.4 mL of TEOS (1 vol % in ethanol) was added under gentle
stirring, and the reaction was allowed to proceed for approxi-
mately 12 h.

In order to dissolve the Au/SiO2 core/shell nanorods in an
OPV-compatible solvent, such as dichlorobenzene, functionali-
zation with OTMS was performed. The Au/SiO2 core/shell
nanorods were centrifuged and redissolved in 3 mL of ethanol
containing 30 μL of NH4OH (32%). Then, 300 μL of OTMS
chloroform solution (3%) was added dropwise with vigorous
stirring, and functionalization of the SiO2 surface was achieved
by hydrolysis of the methoxy groups and condensation of the
resulting silane groups with SiOH groups on the SiO2 surface.
TEM using an FEI TF20 was used to confirm the morphology of
the synthesized Au/SiO2 core/shell nanorods, while UV�vis
spectroscopy was used to determine the extinction spectra of
the nanorod solutions.

Plasmonic OPV Device Fabrication. Polymer reference solutions
consisted of 20 mg/mL of P3HT:PC60BM (1:1 weight ratio) and
6 mg/mL PBDTT-DPP:PC60BM (1:2.5 weight ratio). The plasmo-
nic P3HT:PC60BM solar cell device solution was prepared by
adding a solution of the OTMS-functionalized AR∼ 2.5 Au/SiO2

core/shell nanorods to the P3HT:PC60BM solution so that the
final concentration of the nanorods was 0.6 mg/mL. The
plasmonic PBDTT-DPP:PC60BM solar cell device solution was
prepared by mixing the OTMS-functionalized AR ∼ 4 Au/SiO2

core/shell nanorod solution with the PBDTT-DPP:PC60BM solu-
tion so that the final concentration of Au/SiO2 core/shell
nanorods was 0.2 mg/mL.

All of the devices in this article had the same structure:
indium tin oxide (ITO)/ poly(ethylenedioxythiophene):polysty-
renesulfonate (PEDOT:PSS) (4083)/active layer/calcium/aluminum.
The PEDOT:PSS was precoated onto the ITO substrate and
baked at 120 �C for 15 min before spin-casting the solu-
tions. The P3HT:PC60BM-based devices were spin-coated at
800 rpm for 40 s after which the wet films remained in the Petri
dishes until they dried (the color of the films changed from
orange to dark-red). This solvent annealing process has been
demonstrated to attain an optimized morphology for P3HT:
PC60BM-based organic solar cell devices or organic photo-
detectors.44,45 The PBDTT-DPP:PC60BM-based devices were fab-
ricated by spin-casting at 1800 rpm for 80 s with no other
treatment. A bilayer cathode containing a Ca layer (20 nm) and a
subsequent Al layer (100 nm) was deposited by thermal eva-
poration under high vacuum (<3 � 10�6 Torr). The active layer
thickness of the P3HT:PC60BM-based devices was ∼210 nm,
while the thickness of the PBDTT-DPP:PC60BM-based devices
was ∼90 nm. The thickness was measured by a Vecoo Dektak
150 profiler.
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