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B
ulk heterojunction (BHJ) organic solar
cells (OSCs) possess attractive proper-
ties for applications as lightweight,

flexible and large area solar energy harvest-
ing devices.1�5 Although the power conver-
sion efficiencies (PCEs) of these cells have
exceeded 9%,6�8 a major bottleneck ham-
pering its efficiency improvement is the
compromise between the absorption of
photons and extraction of charges that
limits the thickness of the active layer.
A promising solution is to leverage on plas-
monic nanostructures to achieve optically
thick yet physically thin layers.9�14 Such
plasmonic effects manifest through (a) sub-
wavelength scattering to increase the opti-
cal path length, (b) near-field focusing that
increases electron�hole pair generation, or
(c) excitation of localized surface plasmon
polaritons at the metal-dielectric interface.15

These metal nanostructures are typically
embedded either in the charge trans-
port layer or in the active BHJ layer.15�23

Presently, most works focus on the macro-
scopic optical and electrical properties of
hybrid plasmonic organic photovoltaic
(OPV) devices. Although device perfor-
mance improvements following metallic
nanostructure incorporation are frequently
reported and attributed to plasmonic
effects,22�25 such improvements could also
arise from nonplasmonic origins: e.g., reduc-
tion of bulk resistance due to improved
conductivity of the metal nanoparticles,22

or augmented hole extraction due to the
enlarged interfacial area by metal nano-
structures.26 Consequently, it is unclear
how much enhancement is truly plasmonic
in nature.27�33 Fewworks have directly exam-
ined the plasmonic enhancement realistically
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ABSTRACT The origins of performance enhancement in hybrid

plasmonic organic photovoltaic devices are often embroiled in a

complex interaction of light scattering, localized surface plasmon

resonances, exciton�plasmon energy transfer and even nonplas-

monic effects. To clearly deconvolve the plasmonic contributions

from a single nanostructure, we herein investigate the influence of a

single silver nanowire (NW) on the charge carriers in bulk hetero-

junction polymer solar cells using spatially resolved optical spec-

troscopy, and correlate to electrical device characterization. Polarization-dependent photocurrent enhancements with a maximum of ∼36% over the

reference are observed when the transverse mode of the plasmonic excitations in the Ag NW is activated. The ensuing higher absorbance and light

scattering induced by the electronic motion perpendicular to the NW long axis lead to increased exciton and polaron densities instead of direct surface

plasmon-exciton energy transfer. Finite-difference time-domain simulations also validate these findings. Importantly, our study at the single nanostructure

level explores the fundamental limits of plasmonic enhancement achievable in organic solar cells with a single plasmonic nanostructure.

KEYWORDS: organic solar cells . plasmonic . silver nanowire . single nanostructure . spatially resolved spectroscopy .
performance improvement
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achievable from a single nanostructure in plasmonic
organic solar cells.
Ultrafast optical spectroscopy (UOS) techniques are

powerful tools for probing carrier and quasi-particle
dynamics, capable of tracing their lifetimes from gen-
eration to recombination.34 Correlating their kinetics
with device performance metrics yields valuable in-
sights into the origins of the plasmonic enhancements
or detraction in plasmonic OPV devices. Characterizing
the individual behavior of a single metal nanostructure
using these techniques will circumvent any ensemble
average effects and allow us to examine the limits of
plasmonic enhancements in an OPV environment.
Herein, the surface plasmon effects of a single silver
nanowire (Ag NW) on the performance of poly(3-
hexythiophene) (P3HT) and [6,6]-phenyl-C61-butyic
acid methyl ester (PCBM) solar cells were investigated
using spatially resolved transient absorption and time-
resolved photoluminescence spectroscopy together
with spatially resolved electrical measurements. The
quasi-one-dimensional (1-D) Ag NWs present an intri-
guing model system to investigate the polarization
dependent plasmonic effects, which would other-
wise be absent in symmetrical systems like metallic
microspheres.35�38 Toward these objectives, we still
have to rationalize that we are indeed observing true
plasmonic effects that enhances OPV performance
when Ag NW is added. Thus, this may give an impres-
sion that we are conflating between theworks of single
particle experiments with those that explore whether
addition of small plasmonic nanostructures enhances
solar cell performance.27�30 However, the focus of our
work remains on elucidating the localized plasmonic
enhancement effects from a single Ag NW in organic
solar cells. A maximum enhancement of∼36% in short
circuit current density is obtained when the transverse
mode plasmonic excitation perpendicular to the NW
long axis is activated. Finite-difference time-domain
(FDTD) simulations validate that the efficiency im-
provement is mainly from the larger absorption and
light scattering caused by the localized surface plas-
mon instead of direct surface plasmon-exciton energy
transfer.

RESULTS AND DISCUSSION

Figure 1a shows a schematic of the plasmonic OPV
device structure, where Ag NWs are used as the
plasmonic elements. The Ag NWs are located near
the PEDOT:PSS and P3HT:PCBM interface with approxi-
mately half of the NW embedded in either layer for
effective light scattering (see later FDTD simulation
results).34 The as-prepared Ag NWs are capped by
ligands of PVP, which are reported to be effective in
eliminating the charge/energy transfer losses between
organic materials and metallic structures.39 Scanning
electron microscope (SEM) images in Figure 1b show
that these Ag NWs have a relatively uniform diameter

of around 60 nm and a length of several micrometers.
Figure 1c shows the optical micrographs of a single Ag
NW in bright field (top), dark field (middle) and the
corresponding SEM image (bottom). The 60 nm diam-
eter NWs used for the study is a compromise between
using smaller sized NWs, which have weaker light
scattering and a larger surface-to-volume ratio that
can lead to more surface traps, and using larger
diameter NWs that will cause undesirable effects of
strong metal absorption losses, shadowing effects,
upsetting the BHJ morphology and shunting issues,
etc.40 Here, a small amount of Ag NWs (0.06 g/mL) is
used in our films and devices. It was found to have
minimal effects on the surface morphology resolvable
by AFM (AFM images, see Supporting Information
Figure S1), though we cannot rule out changes in
molecular-scale morphology in the films surrounding
the nanowires as have been found by other authors.41

The optical properties of a single Ag nanowire were
investigated using a home-built confocal microscopy
setup (see Supporting Information Figure S2 for the
details). Polarization dependence from a single bare Ag
NW on a quartz substrate is evident from both the
absorption spectra (see Figure 1d) and scattering
spectra (see Figure 1e). Here, the angles are defined
with respect to the long axis of the Ag NW with 0� as
the light polarization along the long axis and 90� as the
light polarization perpendicular to the long axis. The res-
onancepeak at∼420 nm (90�) corresponds to the tran-
sverse mode of the plasmonic excitations in the
single Ag NW, yielding the localized surface plasmon
resonance (LSPR) peak.42�44 For the peak located at
around 540 nm, it is unlikely to be the longitudinal
mode as such mode is known from the literature to be
located in the infrared for 1D Ag nanowire of length
>200 nm.45 Using FDTD simulations (see Supporting
Information Figures S3 and S4), we establish that this
540 nmpeak originates from the scattering and is likely
a propagation mode that is related to the surface
plasmon polaritons (SPPs) in the silver nanowire. In
Figure 1f, higher absorbance of the unpolarized white
light in the presence of a single Ag NW is observed
from the absorption spectra of P3HT:PCBM. This is
ascribed to the increased light absorption in the active
P3HT:PCBM layer from the excited localized SPPs at the
metal/dielectric interfaces and from the scattering
effects around Ag NW.18,46

To elucidate the effects of an individual AgNW to the
OPV device, we examine the generation and recombi-
nation kinetics of the P3HT excitons, first for the bare
P3HT films and then the P3HT:PCBM blends. Spatially
resolved PL and TRPL measurements were conducted
on Ag/P3HT samples. Figure 2a shows that the PL
intensity gradually increases as the incident polariza-
tion was tuned from 0 to 90� with respect to the NW
axis. For angles between 0 and 20�, the PL inten-
sity from the NW sample is weaker than the control
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(the control spectrum was measured on close regions
without Ag NW). At angles larger than 20�, the PL
intensity increases continuously and surpasses that of
the control (see Figure 2b). The P3HT light absorption
and emission is strongly affected by the presence of the
Ag NW as expected. At 0� (light polarization along the
Ag NW long axis), there is some shadowing effect from
the AgNW (∼several μm longwhich ismuch larger than
the wavelength of light). Therefore, light absorption by

P3HT is decreased. At 90� polarization, the NW diam-
eter is several tens of nanometers, which is much
smaller compared to the incident wavelength. The
redistribution of the local electric fields leads to an
enhanced absorption of P3HT, thereby increasing the
exciton density which in turn results in higher PL
intensity.
Figure 2c shows the PL recombination dynamics

after photoexcitation by 400 nm femtosecond laser

Figure 1. Single Ag NW characterization in an OPV device geometry. (a) Representative illustration of the OPV device
geometry with a single Ag NW embedded in the PEDOT:PSS layer. (b) SEM images of Ag NWs, scale bar 100 nm, (inset)
magnified SEM image of a typical Ag NWwith diameter∼60 nm, where the scale bar is 50 nm. (c) From top to bottom, optical
image (transparent mode), optical image (dark field mode), and the corresponding SEM image of a single Ag NW. The dotted
green circle is the approximate area where the optical signals are collected. The polarization of incident light is defined as
perpendicular (90� of polarization) and parallel (0� of polarization) to the long axis of the Ag NW. Polarization dependent
absorption spectra (d), scattering spectra (e), for the single Ag NW (on quartz) collected from the area defined in (c).
(f) Absorption spectra of P3HT:PCBMwith andwithout AgNW,measured using an unpolarizedwhite light (spot size∼2 μm in
diameter) in an optical microscope.

Figure 2. Polarization dependent PL and TRPL spectra of P3HT filmwith single Ag NW. (a) PL of the P3HT filmwith a single Ag
NW following excitation with different polarization of light. Inset is an optical micrograph of the single NW where the pump
polarization is perpendicular (90� of polarization) and parallel (0� of polarization) to the long axis of the Ag NW. The dotted
green circle is the approximate areawhere the optical signals are collected. (b) Polarizationdependence of the PL intensity for
P3HT filmwith a single AgNW. (c) The PL decay dynamics of P3HT excitonswith andwithout AgNW following laser excitation
with different polarizations. Inset are typical streak camera images of the PLdecay for P3HTfilmwith a single AgNW following
excitation by 0 and 90� polarized laser beams.
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pulses, with the pump fluence kept to a low of
∼2 μJ cm�2 to minimize any higher order effects. The
dynamics over the spectral region of 650�720 nm can
be well-fitted using a single exponential decay func-
tion, indicating the presence of only one emissive
photoexcited species (i.e., the singlet exciton). The
lifetime for the control P3HT film is 560( 10 ps, which
is also independent of the polarization of incident light.
For 0� polarization (along theNW long axis) in the P3HT
sample with Ag NW, the fits yield a lifetime of 473 (
8 ps, which decreased to 314 ( 5 ps for 90� polariza-
tion. This small change in exciton lifetime (by ∼33%)
indicates that the interaction between the P3HT ex-
citons and the transverse LSPR modes in the NW is in
the weak coupling regime.41,47 Such couplings be-
tween the plasmons and excitons would lead to an
increased exciton recombination rate.18,22,48 In the
previous work by Oo and colleagues,24 the random
orientation of the Au NWs and the ensemble-averaged
TRPL measurements would smear out and preclude
any such distinctions in their lifetimes.
To probe the exciton dynamics of the P3HT:PCBM

blends in the vicinity of a single Ag NW, PL lifetime
measurements are not feasible due to the strong
quenching of the P3HT emission in the blends. A
complementary approach using spatially resolved or
microscopic transient absorption (μ-TA) was per-
formed instead. Figure 3a shows a schematic of the
μ-TA measurement over the locality of the Ag NW (see
Supporting Information Figure S5 for the setup). We
first monitored the decay profile at around 1150 nm

(from singlet exciton recombination; see later
discussion) for P3HT films as shown in Figure 3b. A
lifetime of ∼220 ( 10 ps was observed for P3HT films,
which is in quantitative agreement with the lifetime
(∼560 ( 10 ps) observed by TRPL measurements on
P3HT films although slightly smaller. However, fluores-
cence dynamics may not be representative of the
exciton dynamics because the excitons undergo non-
radiative decay. Transient absorption spectroscopy,
which is more sensitive to the total exciton population,
would be more suitable to assess the dynamics of
the excitons.49 For P3HT film with silver nanowire,
the lifetimes at 0 and 90� were 210 ( 10 and 160 (
10 ps, respectively. The lifetime shortening at 90�
excitation is also consistent with the PL lifetime short-
ening as shown in Figure 2c.
Figure 3c,d show the photoinduced absorption (PIA)

dynamics (or �ΔT/T) of the P3HT:PCBM transient
spectra49,50 at the probe wavelengths of 1150 and
1000 nm. From previous literature,50,51 the PIA peak
at 1150 nm was assigned as the singlet excitons, while
the peak around 1000 nm was attributed to the over-
lapping signatures from P3HT polarons in disordered
domains, P3HT singlet excitons, and PCBM anions. Two
lifetimes are obtained from the fits of the singlet
excitons decay dynamics (Figure 3c), with the shorter
lifetime arising from the charge transfer of excitons
generated close to the donor/acceptor (D/A) interface
while the longer lifetime is assigned to the quench-
ing of the excitons following diffusion to the D/A
interface.50 These lifetimes for P3HT:PCBM reference

Figure 3. Microtransient absorption spectroscopy on single Ag NWOPV film. (a) Schematic of the microtransient absorption
(μ-TA) measurement on a single Ag NW embedded OPV film: the image shows the overlapped pump and probe beams. Inset
shows an optical micrograph of the laser spot and the red dotted outline indicates the approximate location of the Ag NW.
(b) Photoinduced absorption (PIA) decay dynamics of the singlet excitonsmonitored at 1150 nm for reference P3HT-only film
and that with a single Ag NW for different polarized pump excitations. (c) PIA decay dynamics of the singlet excitons
monitored at 1150 nm for reference P3HT:PCBM film and that with a single Ag NW for different polarized pump excitations.
(d) PIA decay dynamics of the polarons (overlapped with those from the excitons) monitored at 1000 nm for reference
P3HT:PCBM film and that with a single Ag NW for different polarized pump excitations.
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and for that with the single Ag NW (at 0 and 90�
polarizations) are listed in Table 1. The near invari-
ance of the singlet lifetimes for 0 and 90� polarizations
(with Ag NW) and that of the reference suggest the
lack of any strong interactions between the P3HT
excitons and the LSPR modes. This observation indi-
cates that the fast quenching of the excitons at the
donor�acceptor interface has affected the exciton�
plasmon coupling observed in the earlier TRPL mea-
surements of the Ag NW/P3HT only films. It should be
mentioned that the transient absorption spectra for Ag
NW/P3HT film (see Figure 3c) also suggests the inter-
action between the P3HT excitons and the transverse
LSPR modes (i.e., 90� excitation) in the Ag NW. This
result is consistent with the TRPL results shown in
Figure 2c.
From Figure 3c, we can see that the singlet exciton

decay is almost completed within the first 100 ps.
However, for the 1000 nm peak (Figure 3d), the long-
lived nonzero background indicates the existence of a
long lifetime (up to microseconds, not shown here).
This long lifetime is ascribed to the polaron decay. It
can also be seen that the contribution from polarons is
slightly larger with 90� polarization light excitation
than that of 0�. It indicates that more polarons are
generated with 90� polarization light excitation, sug-
gesting that the localized plasmonic effect possibly
enhance exciton dissociation to polarons, albeit not so
efficiently. Correlating the spatially resolved TRPL and

μ-TAmeasurements, it is clear that thepresenceof theAg
NW increases the population of the excitons and carriers,
but has little effect on the charge separation processes.
To examine the localized effects of a Ag NW in an

OPVdevice configuration, we conducted I�V studies at
the specific device regions with and without a single
AgNW. For spatially resolved selective excitation of the
specific localized regions, we used a 532 nm CW laser
as the excitation source instead of a white light source
because chromatic aberrations from the latter would
result in the focusing of different wavelengths at
different depths. The 532 nm wavelength is also
close to the LSPR peak located around 550 nm
(see Figure 5c inset). The excitation fluence used here
is ∼3.2 W/cm2, which is one order larger than that
of a solar simulator with an average intensity of
∼0.1 W/cm2. However, at much lower pump fluence
(i.e., ∼0.1 W/cm2), the signal-to-noise is poor. There-
fore, the higher fluence used here is a compromise.
From the curves shown in Figure 4a, the best electrical
performance was obtained when the incident light
polarization is perpendicular to the NW long axis, with
an enhancement of the short circuit current density Jsc
by ∼36% compared to a similarly sized reference area
without Ag NW. Single Ag NW measurements of other
devices are also given in Supporting Information
Figure S6 where the maximum enhancement ranges
between 26 and 32%. When the incident pump light
polarization is parallel to the Ag NW direction, the
relative Jsc drops by∼6% as compared to the reference
area. Note that the fill factor (FF) for all these cases is
relatively poor compared to typical values found in the
literature. This is due to the much higher illumination
intensity used here that causes more bimolecular
recombination losses, thereby reducing the FF.52

Figure 4b shows the polarization dependence of the
Jsc values. Such polarization dependence hints that the
collected charges (originating from exciton and polar-
on generation) is boosted by the transverse LSPRmode

Figure 4. Polarization dependent micro/localized I�V characterization of a single Ag NW device. (a) Microarea I�V curves
with different polarizations of the pump laser. Inset is an optical micrograph of the single NWwhere the pump polarization is
perpendicular (90� of polarization) and parallel (0� of polarization) to the long axis of the AgNW. The dotted green circle is the
approximate area where the optical signals are collected. (b) Polarization dependence of the short circuit current Jsc for the
reference and single Ag NW region: data extracted from Figure 2a. (c) Localized device performance when perpendicularly
polarized light is scanned across the single Ag NW. The definition of localized performance is expressed as the Maximum of
I � V from the I�V curve. Left inset shows an optical micrograph of the single silver nanowire (white horizontal line).
The vertical green dashed arrow is the scanning direction and the scale bar is 1 μm.

TABLE 1. Fitted Parameters for the PIA decay of the

Singlet Excitons at 1150 nm for the P3HT:PCBM Sample

without Ag NW (Reference) and That with Ag NW (at 0 or

90� Excitation)

A1 τ1(ps) A2 τ1(ps)

Reference 0.29 ( 0.01 1.8 ( 0.1 0.19 ( 0.01 19 ( 1
0 deg 0.29 ( 0.01 1.6 ( 0.1 0.20 ( 0.01 19 ( 1
90 deg 0.33 ( 0.01 1.9 ( 0.1 0.15 ( 0.01 20 ( 1

A
RTIC

LE



LIU ET AL. VOL. 8 ’ NO. 10 ’ 10101–10110 ’ 2014

www.acsnano.org

10106

in the NW. Lastly, by keeping the light polarization
fixed (i.e., transverse to the NW long axis) and scanning
the laser spot over the NW along a pathway perpendi-
cular to the NW long axis (see Figure 4c), an optimal
localized I�V value is obtainedwhen there ismaximum
coverage of the AgNWby the laser spot (i.e., at the zero
position), further validating the role of the Ag NW. The
enhanced localized device performance value over the
reference also clearly shows that performance is not
adversely affected by the shadowing effects from the
Ag NW itself with perpendicularly polarized light.
To assess the reliability of the single Ag NW doped

OPV I�V studies, full device (macro-area) electrical
characterization is necessary for gauging the overall
device performance improvements. Here, functional
devices with and without Ag NWs were characterized
under illumination with a solar simulator. In Figure 5a,
the current density�voltage (J�V) characteristics of
the control and hybrid plasmonic devices were shown.
The device performance increased from 3.1 ( 0.1%
(reference) to 3.4 ( 0.1% (with Ag NWs), from
an average of 10 cells each as shown in Table 2.
The performance of the best hybrid plasmonic
device is ∼3.59%, which is consistent with efficiency
enhancements reported for such systems; see Sup-
porting Information Table S1 for a comparison with
similar plasmonic OPV systems reported in the
literature.10,16,18,53 The major contribution to this im-
provement is ascribed to the short-circuit current
density (Jsc) increase from 8.36 to 8.74 mA cm�2

although the FF also undergo slight amelioration
from 0.62 to 0.64. For the best performing hybrid
plasmonic device with Ag NWs, its Jsc and FF could
reach 9.01 mA cm�2 and 0.66, respectively. Dark I�V

characteristics in Figure 5b indicate that both the shunt
and series resistances are comparable for the control
and hybrid devices. Although it may be possible that

the plasmonic device performance may be further
optimized by increasing the loading of Ag NWs, it is a
balance between this and the undesirable changes to
the film morphology, which would result in large
variations in their performances. Nonetheless, the
focus of our work here is to obtain clear analysis of
the plasmonic effects; therefore, optimization of the Ag
NWs loading was not performed. Figure 5c gives the
external quantum efficiency (EQE) plots for the plas-
monic and the reference devices. The EQE enhance-
ment (inset of Figure 5c) occurs over the 500�600 nm
regions with a maximum at ∼550 nm. This en-
hancement clearly points to a LSPR origin with the
enhancement peak red-shifted by∼100 nm compared
to the LSPR peak of Ag NW∼420 nm (Figure 1e), where
the Ag NWwas on a quartz substrate and themeasure-
ment was in air.54,55 It is reasonable since the dielectric
environment in the plasmonic device is much higher
(i.e., P3HT:PCBM refractive index n ∼ 2.1 in the visible
range) which will lead to a significant redshift of LSPR
according to Mie theory.56

Lastly, FDTD simulations were also carried out to
have a better understanding of the field distribution by
the single Ag NW. The simulations show that the Ag
NW focuses and redistributes the incident light to the
active P3HT:PCBM layer when the incident polarization
is perpendicular to the NW direction (i.e., 90�, TM)
(Figure 6a). Such local field enhancements in P3HT:
PCBM are beneficial for exciton and polaron genera-
tion. However, if the incident polarization is along the
NW direction (i.e., 0�, TE) (Figure 6b), light penetration
to the active layer would be blocked and the scattering
is mainly focused in the ITO layer. For comparison, the
E field distribution for the control (without Ag NW) is
also shown in Figure 6c. It is evident that the distribu-
tion of the electric field in the active layer is uniform
and relatively weak compared to that in Figure 6a.

Figure 5. Full device (macro-area) I�V curves for OPV devices with andwithout Ag NWs. Representative I�V curve of the OPV
device with and without Ag NWs under (a) illumination and (b) dark condition. (c) EQE data for the reference and plasmonic
device. Inset shows the relative EQE enhancement.

TABLE 2. Device Performances of the Reference and Plasmonic Devices

PCE (%) JSC (mA cm
�2) VOC (V) FF RS (Ωcm2) RSh (kΩcm2)

Reference 3.06 ( 0.12 �8.36 ( 0.22 0.59 ( 0.01 0.59 ( 0.01 3.72 26.4
Plasmonic devices 3.40 ( 0.10 �8.74 ( 0.18 0.60 ( 0.01 0.60 ( 0.01 3.60 23.1
Best Plasmonic devices 3.59 �9.01 0.61 0.61 3.75 58.0
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CONCLUSION
In summary, this study down to the single plasmonic

nanostructure level using time-resolved microscopic
techniques clearly reveals the complex interplay of
photophysical effects (i.e., polarization, excitonic and
plasmonic) and structural effects influencing the per-
formance of plasmonic solar cells. Our findings would
help clarify some of the perplexing results in the
literature. The large Jsc enhancement by ∼36% for
a single nanostructure indicates that there is still
room for improvement for plasmonic OPV devices.

Careful design, fabrication, passivation and place-
ment of themetal nanostructures is essential to ensure
that the desired polarization dependent surface plas-
mon modes are activated to ensure optimal light
scattering to the active layers. Combing these findings
from kinetic studies with electrical characteriza-
tion is of paramount importance for careful data inter-
pretation. With judicious control of these structure�
function relations, plasmonic OPV remains a viable
approach for further efficiency improvements to OPV
devices.

METHODS
Ag NW Synthesis and Characterization. Ag NWs were synthesized

through a slow titration method reported in the previous
literature.35,57,58 Typical synthesis begins with a mixture of
0.668 g of polyvinylpropyline (PVP) and 0.022 g of KBr in 20 mL
of ethylene glycol which is heated to 170 �C for 20�30 min.
The silver seeds are then introduced to the solution by
adding 0.050 g of silver chloride (AgCl) into the solution and
then followed by a slow titration of the growth solution, 0.22 g
silver nitrate (AgNO3) in 10mL of ethylene glycol, for 12�15min.
The titration of the AgNO3 progressively stacks Agþ ions onto
the silver seeds, while the PVP restricts this stacking to aniso-
tropic growth of one-dimensional NW, and the KBr salt pre-
cursor moderates the wire diameter to ensure long thin NWs.
The solution remains at 170 �C for 30 additional minutes to
complete the NW growth. The dispersion is then centrifuged
three times with methanol at 6000 rpm for 30 min each time to
extract the NWs from the dispersion. The final precipitate was
dried and redispersed in 20 mL of methanol for further use. The
diameter of Ag NWs was determined by a scanning electron
microscope (SEM, JEOL 7001F).

Device Preparation and Electrical Characterization. Indium tin oxide
(ITO) glass was cleaned using a standard procedure described
previously.34 Silver NWs in methanol solution were then dis-
persed onto ITO substrate by spin-coating at 1000 rpm. Thirty
nanometer PEDOT:PSS was then spin-coated as hole transport-
ing layer. The substrates were transferred to an inert environ-
ment and baked at 120 �C for 5 min. After that, P3HT:PCBM
(weight ratio 1:0.8) was spin-coated to get a 100 nm thick film.
Device fabrication was accomplished by evaporating a 100 nm
thick Al cathode above the active layer and annealing at 150 �C
for 20 min. For macroscopic characterization, control cells
without Ag NWs were also fabricated. Effective area of each cell
was 0.071 cm2. For macroscopic measurements, I�V character-
istics of the devices under illumination and in the dark were
measured with a HP 4155 semiconductor analyzer. Device
performance was recorded using Air Mass 1.5 Global (AM 1.5 G)

solar simulator (San-Ei XES-300, AAA rating) with an irradiation
intensity of 0.1 W m�2 and averaged over 5�10 cells. The IPCE
spectra weremeasured using aMerlin radiometry systemwith a
build-in 150 W Newport-Oriel xenon lamp as light source. The
light source was spectral resolved with Cornerstone monochro-
mator. A Hamamatsu silicon photodiode was used as the
reference. All the film depositions and device characterizations
were done in inert environment. For microscopy measure-
ments, devices were sealed using epoxy and a piece of cover
glass. Keithley 2420 source meter was used to record I�V
curves. The cell was illuminated using a 532 nm green laser
diode module with pump power of 0.1 μw (this power is
measured just after microscope objective). Reference measure-
ment was done by light shining the adjacent regions without
any Ag NWs.

Optical Measurement. Microscopic nondegenerate femtose-
cond transient absorption spectroscopy (μ-TAS) was performed.
The 500 nm pump pulses were tuned from an optical para-
metric amplifier (Light Conversion TOPAS) that was pumped by
a 1-kHz regenerative amplifier (Coherent Legend; 800 nm;
150 fs; 1 mJ per pulse), which was in turn seeded by an 80 MHz
Coherent Vitesse oscillator. A white light continuum probe
spanning 450�1200 nm was generated using a sapphire plate.
The collinear pump and probe beams were focused onto the
sample using amicroscope objective. Then the probe signal was
coupled out by another objective. Pump-induced changes to the
probe transmittance were measured using a monochromator/
PMT configuration (visible light) and IR-monochromator/InGaAs
photodetector configuration (NIR light). To mitigate the effects
of higher order recombination, the excitation intensity was kept
to a minimal of∼20 μJ cm�2. The pump fluences used here are
likely to induce higher-order effects, and as a result care should
be taken when comparing the kinetics directly to device data.
Femtosecond TAS can be measured with a spectral range
520�1200 nm and a temporal range from 0 ps to 2 ns to probe
the carrier dynamics in organic solar cells. Time-resolved photo-
luminescence (TRPL) measurements were performed using

Figure 6. Electric field distribution in single Ag NW OPV device. Electric field distribution in the plasmonic device when the
incident light (532 nm) is polarized (a) perpendicular (90�of polarization) and (b) parallel (0�of polarization) to the long axis of
the Ag NW. (c) E field distribution in the reference device without Ag NW.
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excitation pulses from a Mira 900 fs laser system with output
wavelength 800 nm and a repetition rate of 76 MHz. Typically,
the samples were photoexcited with a pump fluence of
2.0 μJ cm�2 at 400 nm which is generated using a BBO crystal,
and the TRPL signals were collected in a conventional backscat-
tering geometry through amicroscope objective. Emission light
was then dispersed by a DK240 1/4 m monochromator with
300 g mm�1 grating and collected by an Optronis Optoscope
streak camera which has an ultimate temporal resolution of∼6 ps
when operating with the fastest synchroscan parameters. Mi-
croscopic steady-state absorption and scattering spectra were
recorded with a homemade confocal microscope system with
the spatial resolution ∼1 μm.59�62

FDTD Calculation. A commercially available FDTD simulation
software package, Lumerical, was used to perform the Full-field
electromagnetic wave calculations. Given the quasi-one dimen-
sion characteristics of Ag NW, two-dimensional simulation
scenario was used as the NW direction can be treated to be
infinite long. Antisymmetric boundary condition was set along
the polarization of electromagnetic waves (x axis); perfectly
matched layers were used along the propagation of electro-
magnetic waves (y axis). The simulation pitch used is 1000 nm�
1500 nm in the x- and y-directions, respectively. Electric and
magnetic fields are detected using frequency profile monitors.
Dielectric constants of P3HT:PCBM, ITO, PEDOT:PSS and Ag are
extracted from other reports.63�65
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