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In this report, plasmonic effects in organic photovoltaic cells (OPVs) are systematically analyzed using
size-controlled silver nanoparticles (AgNPs, diameter: 10 , 100 nm), which were incorporated into the
anodic buffer layer, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). The optical
properties of AgNPs tuned by size considerably influence the performance levels of devices. The power
conversion efficiency (PCE) was increased from 6.4% to 7.6% in poly[N-9-hepta-decanyl-2,7-carbazole-
alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)] (PCDTBT):[6,6]-phenyl C71-butyric acid methyl ester
(PC70BM) based-OPVs and from 7.9% to 8.6% in polythieno[3,4-b]thiophene/benzodithiophene
(PTB7):PC70BM based-OPVs upon embedding the AgNPs. The external quantum efficiency (EQE) was
significantly enhanced by the absorption enhancement due to the plasmonic scattering effect. Finally, we
verified the origin of the size-dependent plasmonic forwarding scattering effect of the AgNPs by
visualizing the scattering field with near-field optical microscopy (NSOM) and through analytic optical
simulations.

O
rganic photovoltaic (OPV) cells have much potential as next-generation solar cells because they are
lightweight, flexible and can be produced inexpensively. Recently, the power conversion efficiency (PCE)
of organic bulk heterojunction solar cells was reported to surpass 8 , 9%1,2. However, the relatively low

PCE of OPV cells compared with inorganic photovoltaic cells needs to be enhanced even more before these cells
are commercially viable. Due to the low carrier mobility of the organic materials, the internal quantum efficiency
(IQE) tends to decrease as the thickness of the active layer increases. For active layers with a thickness of
, 100 nm in a bulk heterojunction system, it is difficult to absorb all of the incident photons. Owing to this
ultrathin film thickness, the low light absorption tends to act as a bottleneck, preventing high efficiency in organic
solar cells. Many researchers have tried to develop new polymer materials that have broad absorption spectra3,
high carrier mobility4 and an appropriate optical band gap5 to achieve high PCE but the issue of insufficient
absorption has yet to be completely overcome by conventional OPV cell structures. The use of optical engineering
to enhance light absorption is inevitable in OPVs due to the trade-off relationship between the absorption
capabilities and the IQE. Various approaches, including tandem structures2,6,7, surface texturing8, metal nano-
gratings9, resonance cavity10 and ray-optical light trapping systems11–13 have been suggested to increase the optical
absorption. Among these approaches, recently there has been growing interest in the use of metal nanoparticles
(MNPs) in OPVs7,14–30 because the localized surface plasmon resonance (LSPR) effect of MNPs has the potential
to boost the absorption of the active layer. In addition, the easy tunability of the optical properties by modifying
size31, shape32 and surrounding materials33 of MNPs has shown high potential as an optical engineering tool in
thin-film optoelectronic devices. Many research groups have reported PCE enhancements by employing MNPs
in what have been termed plasmonic OPVs. In addition, there have been many theories of the mechanism of PCE
enhancement, such as the enhanced carrier effect and the exciton lifetime34, conductivity15, and the surface
morphology23 as modified by incorporating MNPs. However, the exact roles of the LSPR effect in the OPVs
are not well understood.

The LSPR effect of MNPs occurs by interaction between oscillating free electrons in the MNPs and incident
light. The LSPR of MNPs have the MNPs not only scatter anisotropically, but also absorb the incident light. To
investigate the scattering and absorption efficiency, simulations of an isolated AgNP in PEDOT:PSS were
performed20. Figure 1(a) shows the ratio of the scattering to the absorption power integrated from 300 to
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800 nm for nanoparticles of different sizes (red line). For PV appli-
cations, ideally, the ratio should be close to 1 because the power
absorbed by the AgNP is dissipated as Joule heating. Although the
absorption power of a small AgNP (,40 nm) dominates the scatter-
ing power, with a further increase in the size, the scattering power
becomes stronger than the absorption power. Hence, it can be con-
cluded that large MNPs (.40 nm) may be beneficial from an optical
point of view. However, few demonstrations have been reported on
the performance-dependence of PVs on the size of embedded MNPs
in the devices.

In this report, we demonstrate organic photovoltaic cells with size-
controlled AgNPs (10 , 100 nm) doped in an anodic buffer layer
of poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:
PSS). We used AgNPs because AgNPs show superior scattering effi-
ciency to any other MNPs, as demonstrated in Fig. S1. We study the
plasmonic size effect of MNPs on the PCE of OPVs and reveal the
underlying mechanisms of the interplay between the MNPs and the
OPVs experimentally.

Results
Plasmonic design of organic solar cells. A schematic illustration of
the proposed device structure is shown in Fig. 1(b). Anodic buffer
layer consisting of PEDOT:PSS was doped with AgNPs of various
sizes to induce forward scattering efficiently. The doping volume of
the AgNP suspension was fixed at 40 vol% in order to maintain the
thickness of the PEDOT:PSS at approximately 30 nm. The AgNP
suspension was dispersed in deionized water so that it would be
mixed well with the PEDOT:PSS solution. In this report, we fabri-
cated two types of OPVs using poly[N-9-hepta-decanyl-2,7-carbazole-
alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)] (PCDTBT) and
polythieno[3,4-b]thiophene/benzodithiophene (PTB7) as photoactive
donors and [6,6]-phenyl C71-butyric acid methyl ester (PC70BM) as
an acceptor. The control device structure was ITO/PEDOT:PSS/

Polymer:PC70BM/TiOx/Al. Our PCDTBT- and PTB7-based con-
trol devices have consistently shown PCEs of approximately 6.4%
and 7.9%, respectively. It has been reported that PCDTBT:PC70BM-
based OPVs show as high PCE as 6%35 or more with relatively low
absorption and high IQE values36. Therefore, appropriate optical
engineering that can offset the low optical absorption without
disturbing the high IQE will effectively improve the PCE.

Figures 1(c)–(f) show transmission electron microscopy (TEM)
images of mono-dispersed AgNPs whose diameters range from 10 to
100 nm. We denoted the AgNPs having an average diameter of d nm
as AgNP-d. A histogram of the exact size distribution is shown in Fig.
S4 and the data are summarized in Table S1. Figure S3 shows that the
scattering efficiency is influenced considerably by the size of the
AgNPs, implying that the device performance can be also signifi-
cantly affected by the size of the AgNPs.

Dependence of photovoltaic performance on AgNPs size. We
investigated the plasmonic OPVs by modulating two conditions of
the AgNPs: the size and the concentration. Figure 2(a) shows the
representative current density (J)-voltage (V) characteristic of the
best PCDTBT:PC70BM-based OPV cells with AgNP-67 embedded
in their PEDOT:PSS buffer layer at an optimal concentration of 4.5 3

109/cm2 (red filled circles). The PCE was substantially improved from
6.4% to 7.6%, resulting mainly from the significant short circuit
current (Jsc) enhancement of approximately 13%, from 11.22 mA/
cm2 to 12.67 mA/cm2 (Table 1). The fill factor (FF) was slightly im-
proved and the open circuit voltage (Voc) was mostly unchanged,
suggesting that the PCE enhancement resulted fundamentally from
optical engineering via the incorporated AgNPs. Figure 2(b)
compares the EQE, absorption and IQE of the best plasmonic
OPV with those of a control OPV. The EQE and absorption were
primarily enhanced at the wavelengths of 400 , 500 nm, precisely
coinciding with the location of the LSPR of the AgNP-67, as revealed

Figure 1 | Schematic of a plasmonic OPV and optical simulation results. (a) The analytical optical simulations were performed based on a previous

report20. Red: ratio of the total scattering power to the total absorption power value of various sizes of AgNPs. The power was integrated at wavelengths

ranging from 300 nm to 800 nm. Blue: ratio of the forward scattering to the total scattering of a spherical AgNP in PEDOT:PSS. The sizes of the AgNPs

used in the simulation were average sizes. (b) Schematic of a plasmonic OPV. The device structure is glass/ITO/PEDOT:PSS with a AgNPs/

PCDTBT:PC70BM (or PTB7:PC70BM)/TiOx/Al reflector. The inset schematic describes the plasmonic forward scattering effect of the AgNPs in the

PEDOT:PSS layer. (c–f) TEM images of (c) AgNP-13, (d) AgNP-40, (e) AgNP-67 and (f) AgNP-94.
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in Fig. S2. Note that the relatively low absorption by the active
materials in this region magnified the absorption enhancement
effectively. For the PTB7:PC70BM device (Fig. 2(a), open circles),
the PCE was enhanced from 7.9% to 8.6% upon insertion of the
AgNP-67 (Table 1). The Jsc value was essentially enhanced while
the Voc and FF remained unchanged, similar to PCDTBT:
PC70BM-based OPVs. The detailed EQE, absorption and IQE
performance metrics are illustrated in Fig. S5. Figure S5(b) shows
that the EQE and absorption were also greatly enhanced at the same
spectral region, indicating that the PTB7:PC70BM device and the
PCDTBT:PC70BM device were enhanced by the same mechanism.

Figure 2(c) and Table 1 show the size effects of the embedded
AgNPs on the photovoltaic performances of the OPVs. For consist-
ency of the results, at least 50 devices were fabricated at each con-
dition. The complete statistical data of the devices performance are
summarized in Table S2. For each AgNP size, the AgNPs were
doped at optimal concentrations to yield the maximum PCE. The

maximum enhancement was gradually increased as the size of
AgNPs was increased to 67 nm. Clearly, the enhancement of the
PCE was dominantly determined by the enhancement of the Jsc

value. The FF was slightly enhanced at all sizes of AgNPs, and the
Voc was not much affected. However, for AgNPs larger than 67 nm,
the maximum enhancement declined.

Origin of AgNPs size effect. To investigate the origin of the size-
dependent plasmonic effect on the PCE, the spectral responses of the
OPVs were measured according to the size of AgNPs. Figure 2(d)
illustrates that the external quantum efficiency (EQE) was primarily
enhanced at wavelengths between 400 and 500 nm at all sizes and
that the EQE enhancement peaked to 35% near the LSPR when
AgNP-67 was embedded. However, when larger AgNPs (i.e.,
AgNP-94) were embedded in the OPVs, the EQE enhancement
near the LSPR was reduced. In order to determine the influence of
the AgNPs in more detail, we measured the spectral reflectance, R(l),

Figure 2 | J-V characteristics and spectral responses of plasmonic OPVs with various sizes of AgNPs. (a) The J-V curves of the best plasmonic

OPV (red circles) and the control OPV (black squares). The filled and open symbols denote the PCDTBT:PC70BM and PTB7:PC70BM devices,

respectively. The plasmonic devices were optimized in terms of their size and concentration. The optimum size and the concentration of the AgNPs were

67 nm and 4.5 3 109/cm2, respectively. The best OPV achieved power conversion efficiency of 7.6% with PCDTBT:PC70BM and 8.6% with

PTB7:PC70BM. (b) The EQE (black circles), absorption (red squares) and IQE (blue triangles) characteristics of a plasmonic OPV (open symbols) and a

control device (filled symbols) of PCDTBT:PC70BM, and (c) the maximum enhancement at various sizes of the AgNPs at the optimized concentrations.

The Jsc and PCE values were significantly enhanced and optimized with AgNP-67. The error bars were acquired from at least 50 devices. (d) The EQE

enhancement of OPVs with various sizes of AgNPs incorporated. (e) The absorption enhancement of OPVs incorporating various size-controlled AgNPs.

(f) The IQE enhancement of OPVs with various sizes of AgNPs embedded: AgNP-13 (black circles), AgNP-40 (red squares), AgNP-67

(blue triangles (up)), and AgNP-94 (green triangles (down)).

Table 1 | Characteristics of the plasmonic OPVs incorporating size-controlled AgNPs in the PEDOT:PSS layer. The table shows the optimized
cell performance for each size

Polymer AgNP Voc [V] Jsc [mA/cm2] FF [%] g [%] Jsc (EQE) [mA/cm2]

PCDTBT Control device 0.89 11.22 0.64 6.4 11.20
AgNP-13 0.89 11.98 0.66 7.0 11.63
AgNP-40 0.89 12.42 0.66 7.3 12.10
AgNP-67 (optimum) 0.89 12.67 0.67 7.6 12.30
AgNP-94 0.89 11.87 0.66 6.9 12.01

PTB7 Control device 0.75 14.93 0.70 7.9 14.51
AgNP-67 (optimum) 0.75 16.33 0.70 8.6 15.94
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of the devices within an integrating sphere equipped with a
photodetector; the total absorption of the entire device was
estimated by 12R(l). The measurements of both the EQE and the
reflectance were performed simultaneously at the same spots with
the same sample so as to obtain the most reliable results. Refer to the
Methods for more details. Figure 2(e) illustrates the pattern of the
absorption enhancement, which resembles that of the EQE, revealing
that optical modulation by the AgNPs had a strong impact on the
electrical performance of the OPVs. The partial reduction of EQE
and absorption at the wavelength of from 500 ,550 nm is caused by
the increased optical loss due to the reflection and relatively high
absorption of the active materials. Reduction of the absorption at
AgNP-94 resulted from the increased back reflection as compared to
AgNP-67. However, it does not contradict our prediction that the
stronger scattering by the larger AgNPs can effectively improve the
PCE, as implied in Fig. 1(a); the total scattering was indeed enhanced,
but the back scattering power dominated the forward fraction with
an increase in the size of the AgNPs, as illustrated in Fig. S3. We
calculated the IQE of the OPVs by dividing the EQE by the measured
absorption, as depicted in Fig. 2(b). Fig. 2(f) illustrates the IQE
enhancement. It should also be noted that our estimated IQE
actually provides the minimum IQE of the OPVs because the
estimated absorption consisted of the absorption by not only the
active layer but also the MNPs and the electrodes. The IQE values
were not greatly affected by the AgNPs at all sizes, except for AgNP-
94, in which the IQE value near 400,450 nm showed a slight
decrease, conceivably due to the absorption by the MNPs
themselves. The unaffected IQE result strongly supports the fact
that the enhanced Jsc resulted from the absorption enhancement
from the plasmonic scattering by the AgNPs.

In fact, not only the scattering power but also the scattering dir-
ection must be considered, as the backward scattered power does not
contribute to the absorption enhancement of the proposed OPVs.
We calculated the amount of the forward scattering ratio to the total
scattering power using optical simulations while assuming PEDOT:
PSS as a medium and an incident wavelength of 430 nm, where the
maximum EQE and absorption enhancement occurred, as shown in
Figs. 2(d) and (e). Figure 1(a) (blue line) plots the result along with
the size of the AgNPs; the forward scattering fraction is increased
with an increase in size of the AgNP and is optimized at approxi-
mately 75 nm. Backward scattering grows stronger when the size of
the AgNPs is greater than 75 nm while the total scattering power is

still enhanced. The angular scattering power distributions of AgNPs
at various sizes are shown in Fig. S3. The experimental performances
of the plasmonic OPVs in Fig. 2(c) agree well with the optical simu-
lation results in Fig. 1(a) (blue line), providing solid evidence that the
plasmonic forward light scattering effect by AgNPs greatly enhances
the EQE and absorption of OPVs.

Visualization of plasmonic scattering by the AgNPs using near-
field scanning optical microscopy (NSOM). Previous reports on
plasmonic OPVs frequently analyzed the morphological variation
of PEDOT:PSS upon the insertion of AgNPs23,25. However, there
have been few comprehensive reports on the optical properties of
device films. Here, we visualized the degree of scattering of size-
controlled AgNPs in a PEDOT:PSS layer using near-field scanning
optical microscopy (NSOM) and verified the relationship between
the scattering efficiency and the size of the AgNPs.

Samples of neat PEDOT:PSS and PEDOT:PSS with the AgNPs
embedded were prepared and measured in the NSOM transmission
mode. The samples were prepared at the optimal AgNP concentra-
tions to give the maximum efficiency at each size. The scanning was
performed using a laser diode (, 20 mW) having a wavelength of
405 nm, close to the EQE and the absorption enhancement peak. The
operating method is described in detail in the Methods. Figures 3(a–
(d)), NSOM topography images reveal that most of the AgNPs were
well dispersed without serious aggregation.

Figures 3(e)–(h) illustrate NSOM signal images which were
attained by detecting the number of photons that were transmitted
through the glass/ITO/AgNPs-doped PEDOT:PSS; the insets show
the scattering profiles along the center line in each signal image. The
absorption and the scattering characteristics of films can be analyzed
from the signal images; the rough surface is attributed to the scatter-
ing of the incident light. Note that the partially dark spots are caused
by light absorption by the AgNPs and PEDOT:PSS because such
absorbed photons cannot be collected by a photodetector.

The signal roughness (i.e., degree of scattering) of a pristine
PEDOT:PSS layer and PEDOT:PSS with AgNP-13, AgNP-67, and
AgNP-94 exhibit root mean square (RMS) values of 0.36, 0.37, 0.87,
and 0.64, respectively. The NSOM signal trend is also in good agree-
ment with the analytic optical simulation results, as shown in
Fig. 1(a) (blue line), also showing agreement with the plasmonic
OPV performance results shown in Fig. 2(c). It is important to note
that the scattering enhancement of 142% in the AgNP-67 case was

Figure 3 | Morphological and optical properties of AgNP-embedded PEDOT:PSS by NSOM. (a-d) NSOM topography images of a reference (neat

PEDOT:PSS), PEDOT:PSS with AgNP-28, AgNP-67, and AgNP-94 embedded samples, respectively. (e-h) NSOM signal images excited by a laser diode

(405 nm); the insets here show the scattering profiles across the center lines of the NSOM signal images. The optimized concentrations of the AgNPs were

used at each size. The NSOM scan size was 5 mm 3 5 mm.

www.nature.com/scientificreports
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significantly larger than the topographical RMS enhancement of
,40%, implying that the enhanced scattering resulted predomi-
nantly from the intrinsic scattering power by the AgNPs themselves,
as explained above, rather than from the geometrical scattering effect
caused by the rough surface.

Dependence of photovoltaic performance on AgNPs concen-
tration. Next, we investigated the performance dependence of
the plasmonic OPVs on the AgNP concentration, which needs to
be chosen appropriately for the optimization of the devices.
Figure 4(a) shows the performances enhancement of the OPVs
with AgNP-67 embedded at various doping concentrations. The Jsc

and PCE values were enhanced in proportion to the particle
concentration and were optimized at a concentration of 4.5 3 109/
cm2. However, when the AgNP concentration was higher than the
optimal value, both the Jsc and FF values were degraded. The Voc

value decreased slightly as well, as shown in Fig. 4(a). In particular, Jsc

showed a noticeable decrease with an increase in the concentration of
the AgNPs, essentially contributing to the reduced PCE. To under-
stand the concentration dependence of the PCE enhancement, we
investigated the EQE and total absorption of the plasmonic OPVs at
various concentrations, as shown in Figs. 4(b)–4(d).

Figure 4(b) shows that the EQE was proportionally enhanced near
the LSPR wavelength until the concentration reached the optimum
value. In addition, the absorption enhancement follows the EQE
tendency, as shown in Fig. 4(c). The IQE enhancement is nearly
constant at all wavelengths, except for the ‘‘high’’ concentration, as
shown in Fig. 4(d), providing further verification that the EQE is
enhanced by the optical absorption enhancement. Note that with the

increase in the density, the peak position is blue-shifted due to the
increased dipolar coupling between the MNPs37, as indicated in
Figs. 4(b) and (c). However, when the concentration of the AgNPs
was higher than the optimum concentration, the EQE was degraded
throughout nearly all of the wavelength range, especially at a longer
wavelength, while the absorption enhancement was virtually ident-
ical to that at the optimal concentration, as shown in Figs. 4(b) and
(c). As a result, the IQE was largely reduced in all wavelength ranges.
Large clusters of AgNPs were formed during the deposition of
PEDOT:PSS at a high concentration of AgNPs. Figure 4(c) reveals
that the peak position was not shifted at a ‘‘high’’ concentration,
thereby showing that the inter-particle distance was not reduced
further by the increased density of the AgNPs from the ‘‘optimum’’
concentration37. Figure S8(a) reveals that the AgNPs were well dis-
persed at the optimal concentration. However, as the concentration
increased further, partially aggregated AgNPs were indeed observed,
as illustrated in Fig. S8(b). At a ‘‘high’’ doping concentration of 9.0 3

109/cm2, the actual total number density of approx. 5.5 3 109/cm2,
including large clusters, was slightly higher than the optimized con-
centration of approx. 4.5 3 109/cm2 due to aggregation despite the
fact that the doping concentration had doubled. Approximately 5%
of the AgNPs were large clusters that had formed from smaller
AgNPs, as shown in Fig. S8(b). The inset of Fig. S8(b) shows a
cross-sectional scanning electron microscopy (SEM) image of aggre-
gated Ag clusters in a PEDOT:PSS layer. The large AgNP cluster may
have reduced the contact area between the PEDOT:PSS and the
active layer, PCDTBT:PC70BM, considerably reducing the FF
value. The Voc value was not affected in the ‘‘low’’ to ‘‘optimum’’
concentration range, but it showed a slight decrease at a higher

Figure 4 | Devices characteristics and spectral responses of plasmonic OPVs at various concentrations of AgNPs. (a) The PCE (black circles), Jsc (blue

triangles (up)), Voc (red squares), and FF (green triangles (down)) enhancements of the OPVs with AgNP-67 embedded at various concentrations,

(b) the EQE enhancement at various concentrations, (c) the absorption enhancement at various concentrations, and (d) the IQE enhancement at various

concentrations; low (1.2 3 108/cm2); medium (1.3 3 109/cm2); optimum (4.5 3 109/cm2); and high (9.0 3 109/cm2). The EQEs were enhanced primarily

by the absorption enhancement, which was concentrated near the LSPR region (400,500 nm).

www.nature.com/scientificreports
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concentration. It is likely that the Voc drop was caused by the expo-
sure of Ag clusters on the PEDOT:PSS surface27, increasing the num-
ber of short paths for charged carriers.

Discussion
We demonstrate highly efficient plasmonic OPVs that incorporate
AgNPs into the anodic PEDOT:PSS layer. The PCE was enhanced to
7.6% by incorporating AgNPs 67 nm in size in a PCDTBT-based
OPV, mainly because Jsc was significantly improved by approxi-
mately 13%. In addition, a PCE of 8.6% was achieved in PTB7-based
OPVs after embedding the AgNPs. The EQE was remarkably
enhanced near the LSPR wavelength of the AgNPs, and the improve-
ment was primarily caused by the enhancement of the absorption
capability. Unchanged conductivity of the PEDOT:PSS films by
embedding the AgNPs (Fig. S9) proves also that the Jsc was enhanced
primarily by an optical effect. The NSOM scattering signals strongly
support that the scattering efficiency tuned by the size of the AgNPs
influenced the device performance. We confirmed the plasmonic
forward scattering effects from the NSOM measurements and in
analytic optical simulations. This study demonstrates the possibility
of manipulating the plasmonic optical properties of MNPs as a
powerful optical engineering tool in OPVs.

Methods
Size-controlled AgNPs fabrication. We synthesized various size-controlled silver
nanoparticles (AgNPs) by a polyol method38–41 and a borohydride reduction
method42. For AgNPs 10 nm in size, 22.54 mg of silver perchlorate (AgClO4) was
dissolved in 100 ml of 3-type Milli-Q water and was stored in a refrigerator. 3.783 mg
of sodium borohydride (NaBH4) and 8.823 mg of sodium citrate (Na-cit) were added
to 100 ml of the cold ice water bath under vigorous stirring. The solution became
bright yellow immediately when 1 ml of the stock solution was added. For AgNPs
30 nm in size, 1.5 g of PVP (polyvinylpyrrolidone, Mw: 10,000) was dissolved in
75 ml of ethylene glycol. 1/37.5 wt% of silver nitrate (AgNO3) was added after the
PVP was dissolved completely and the solution was heated to 120uC at a rate of 1uC/
min. AgNPs 50 nm in size were obtained with 1/25 wt% of silver nitrate (AgNO3),
and the solution was heated to 120uC at 5uC/min. The reactions were maintained for
1 hr and the samples were then cooled to room temperature. AgNPs of 70 nm and
100 nm could be obtained by changing only the mixing ratio of the PVP to AgNO3.
The ratios were 851 (70 nm) and 651 (100 nm) in 20 ml of ethylene glycol. The
solution was completely dissolved at room temperature and 2 ml of ammonia was
added to the solution in a dropwise manner. The reactions were maintained for 4 hrs
at 160uC under vigorous stirring. After cooling to room temperature, all solutions
were washed in acetone and ethanol at least three times and stored in a refrigerator
under a dark condition.

TiOx solution preparation. Titanium(iv) isopropoxide (Ti[OCH(CH3)2]4, 5 ml), 2-
methoxyethanol (CH3OCH2CH2OH, 20ml) and ethanolamine (H2NCH2CH2OH,
2ml) were added to a three-necked flask in a nitrogen atmosphere. The solution was
then stirred for 1 hr at room temperature, followed by heating at 80uC for 1 hr and
120uC for 1 hr. The solution was then cooled to room temperature and 10 ml of
isopropanol (IPA) was added.

Device fabrication. The devices were fabricated on ITO-coated glass substrates with
a sheet resistance of 22 V/sq. The glass/ITO substrates were pre-cleaned with acetone
for 5 min and isopropyl alcohol (IPA) for 15 min and were dried in a vacuum oven
overnight. After the substrates underwent a UV-ozone treatment, PEDOT:PSS
(Al4083, Clevios) layers with and without size-controlled AgNPs (40 vol%) were
spun onto the substrates at 3000 rpm for 30 s and were then annealed at 140uC for
10 min. The thickness of the PEDOT:PSS layer was approximately 30 nm. The
PCDTBT:PC70BM (1-materials : nano-c) at a weight ratio of 154 in a 1,2-
dicholobenzene(O-DCB) solution was completely dissolved for 24 hrs and then spun
at 1100 rpm for 1 min on both PEDOT:PSS layers, after which the samples were dried
at 70uC for 15 min. The PTB7:PC70BM (1-materials : nano-c) at a weight ratio of
151.5 was dissolved in a chlorobenzene/1,8-diiodoctane (97% to 3%) solution and
was spun at 2000 rpm for 35 s. The TiOx 15200 solution dissolved in methanol was
spun at 3000 rpm and annealed at 80uC in air. Lastly, 100 nm of Al was deposited
through a shadow mask by thermal evaporation on the devices. The active device area
was measured with a microscope, showing a value of ,15 mm2.

Characterization. Current density-voltage (J–V) curves were measured by a solar
simulator (PEC-L12, Peccell Technologies) under 100 mW/cm2 from a 150 W Xe
short arc lamp filtered by an air mass 1.5 G filter. The external quantum efficiency
(EQE) was measured by a spectral measurement system (K3100 IQX, McScience
Inc.). The light source (a xenon arc lamp at 300 W) was used with a monochromator
(Newport) and an optical chopper (MC 2000 Thorlabs). The spectral absorption by
the devices was directly measured at the system immediately after the measurement of

the EQE. The measurement setup for the absorption measurement was as follows: the
incident monochromic light is absorbed in the device area through an integration
sphere. The device is tilted at about 8u because the reflected light must be scattered
inside the integration sphere. Therefore, the reflected light is scattered in the
integration sphere and collected by a photodetector located in the integration sphere.
The device absorption was calculated by 12R(l), where R(l) denotes the
wavelength-dependent reflectance data. Finally, the internal quantum efficiency
(IQE) was determined by dividing the EQE by the absorption. The extinction spectra
were measured by UV-vis-NIR spectrophotometers (UV-3600, Shimadzu). To
visualize the AgNPs, field emission scanning electron microscopy (FE-SEM, FEI
Sirion) and field emission transmission electron microscope (FE-TEM, FEI Tecnai G2

f30 S-Twin, 300 KeV) were used to investigate the cross-section of the devices and the
dimension of the AgNPs.

Near-field scanning optical microscopy. A scanning near-field optical microscope
(Alpha300S, WiTec) was used to measure the NSOM topography and NSOM signal
(i.e., scattering profile). A silicon cantilever with a hollow aluminum pyramid as a tip
was used to measure the topography. The detailed NSOM measurement process is as
follows. As soon as the NSOM tip approached to the sample surface closely, the
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