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ABSTRACT: Metal nanostructures that trigger plasmonic near-field effects are
often incorporated in organic photovoltaic devices (OPVs) to improve their
light-harvesting ability. These nanostructures usually can be positioned in two
different locations in a device: (i) within the photon absorption layers and (ii) at
the interfaces between the active layer and the metal electrodes. In this study, we
developed amphiphilic gold nanoparticles (Au NPs) for use in dual plasmonic
nanostructures within OPVs. We employed graphene oxide as the template to
anchor the Au NPs, thereby avoiding their aggregation. Furthermore, we added
poly(ethylene glycol) (PEG) bis(amine) to the synthesis medium to improve
the solubility of the nanocomposites, such that they could be dispersed well in
water and in several organic solvents. Accordingly, we could incorporate the
PEGylated Au NP/graphene oxides readily into both the buffer layer and
photoactive layer of OPVs, which, as a result, exhibited obvious enhancements in
their photocurrents and overall device efficiencies. Moreover, we observed
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different spectral enhancement regions when we positioned the nanocomposites at different locations, reflecting the different
dielectric environments surrounding the NPs; this unexpected behavior should assist in enhancing the broadband absorption of

solar irradiation.
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1. INTRODUCTION

Bulk heterojunction (BHJ) organic photovoltaic devices
(OPVs) receive a great deal of attention because of their
potential use as low-cost renewable energy sources that are light
in weight and have high mechanical flexibility.' ™ In the past
decade, much effort has been exerted toward developing highly
efficient OPVs through various means, including the synthesis
of low band gap (LBG) materials for harvesting photons of
long wavelength, the design of novel device structures, and
control over thin film morphologies.”® Power conversion
efficiencies (PCEs) of greater than 10% have been confirmed
for single-junction devices;” in addition, a triple-junction cell
has been reported to function with a PCE exceeding 11%.'° In
the quest to further improve their efficiencies and make OPVs
competitive with other thin film solar technologies, many liight-
trapping techniques—for example, using optical spacers' ">
and photonic crystals'*—have also been tested recently. These
light-harvesting approaches have become important because
organic materials having charge transport lengths that are
shorter than the optical absorption length usually lead to
insufficient absorption of light. Therefore, the typical thickness
of the photoactive layer is usually limited at approximately 100
nm. Further increases in the thickness can result in high series
resistances and greater levels of charge recombination because
of the low charge mobility of the organic semiconductors."*"

Among strategies for improving light trapping, the use of
metallic nanostructures that can support surface plasmons
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(SPs) is a promising means of increasing the light absorption
efficiency of OPVs.'®™'® SPs can be excited either as localized
SPs in metal nanoparticles (NPs) or as propagating surface
plasmon polaritons at metal—dielectric interfaces.'” Because the
synthesis of NPs is relatively simple, plasmonic-enhanced OPVs
are frequently prepared through the direct incorporation of
NPs into devices."” Because plasmonic nanostructures are
readily prepared using solution processes, their fabrication
schemes are compatible with those of OPVs—especially for
polymer-based devices.

Metal NPs are often positioned at two different locations
within OPVs. First, they can be blended directly with the active
layer, thereby ensuring the strongest possible near-field effects
on the photon absorption layers.”°~** The morphology of the
active layer is, however, often affected when using this
approach; serious phase separation may degrade the device
performance.lg’23 Second, the NPs can be incorporated into the
electrode buffer layers™*™>® or at the interfaces between the
photoactive layer and the metal electrodes.'®* The drawback
of introducing NPs in the vicinity of the active layers is a
limited near-field effect because the plasmonic field decays
exponentially with the distance from the metal surface.

Received: February 6, 2015
Accepted: March 18, 2015
Published: March 18, 2015

DOI: 10.1021/acsami.5b01161
ACS Appl. Mater. Interfaces 2015, 7, 7397—7405


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01161

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Synthesis of Au@PEG—GO Nanocomposites

HAuCl,

Dual plasmonic nanostructures in a single device have been
demonstrated recently.** > Li et al. introduced Au NPs in the
active layer and also fabricated Ag nanogratings as the cathode,
resulting in accumulated improvements in device perform-
ance.”> Their encouraging results suggested that the develop-
ment of multiple plasmonic nanostructures might be an
effective path toward enhancing the efficiencies of OPVs. The
most straightforward approach for realizing dual plasmonic
structures would be to blend metal NPs in both the photoactive
and buffer layers simultaneously. The fabrication of the two
layers, however, usually requires orthogonal solvents to avoid
the problem of intermixing. Therefore, the NPs should ideally
exhibit amphiphilic solubilities to allow incorporation of
sufficient amounts of the plasmonic materials. Furthermore,
because metal NPs usually aggregate when they are blended
directly into a photoactive layer, high miscibility in the organic
matrix is also required to prepare dual nanostructures in a
single OPV device."®

Graphene and its derivatives, including graphene oxides
(GOs), are promising nanoscale building blocks for various
functional composite materials.>* The dispersion of metal NPs
on such 2D nanosheets opens up new pathways for developing
nanomaterials possessing enhanced catalytic, biomedical, and
optoelectronic properties.”* In particular, the abundance of
oxygen-containing functional groups in GOs makes it relatively
easy to tailor their functionalities through chemical modifica-
tion. Recently, amphiphilic graphene derivatives have been
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synthesized with improved solubilities and dispersion proper-
ties.>> "> For example, modified reduced GOs can be dispersed
well in poly(lactic acid) matrices, thereby improving the
mechanical properties of the nanocomposites.*® Liu et al. used
PEGylated nanographene oxides for the delivery of water-
insoluble cancer drugs; both sides of the hydrophobic
nanosheets were accessible for drug binding through simple
adsorption, with the poly(ethylene glycol) (PEG) moieties
rendering high aqueous solubility and physiological stability.*”

In this study, we employed GO as a template for the
anchoring of Au NPs, thereby avoiding their aggregation.*’ To
further improve the solubility, we introduced poly(ethylene
glycol) bis(amine) (PEG-NH,) to disperse the resulting
nanocomposites well in water and in several organic solvents.
Because of their better processing properties in different types
of solvents, we could readily incorporate the PEGylated Au
NP/GO composites (Au@PEG—GO) into both the buffer and
photoactive layers of OPVs. As a result, we could obtain dual
plasmonic nanostructures through simple solution processes,
achieving obvious enhancements in photocurrents and overall
device efficiencies. More interestingly, when the nanocompo-
sites were positioned at different locations, we observed
different spectral regions of efliciency enhancement, presum-
ably because of the different dielectric environments surround-
ing the NPs. This unexpected property might be useful for
enhancing the broadband absorption of light.

DOI: 10.1021/acsami.5b01161
ACS Appl. Mater. Interfaces 2015, 7, 7397—7405


http://dx.doi.org/10.1021/acsami.5b01161

ACS Applied Materials & Interfaces

Research Article

—GO
— PEG-GO

(d)

— Au @ PEG-GO

Intensity(a.u.)

1200 1400 1600 1800 2000
Wavenumber(cm'1)

1000

~~
(¢
N

—GO
—— PEG-GO
— Au @ PEG-GO |

400 500 600 700 800
Wavelength (nm)

300

—a5”
——PEG-GO
—— Au @ PEG-GO]

Transmittance

2000 3000
Wavenumber(cm'1)

1000 4000

Figure 1. (a) TEM image of Au@PEG—GO nanocomposites. (b) High-resolution TEM image of the Au@PEG—GO nanocomposites. (c) UV—Vis
absorption, (d) Raman, and (e) FTIR spectra of GO, PEG—GO, and the Au@PEG—GO nanocomposites.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PEG—GO. The PEGylation synthesis was
performed following procedures reported in the literature.*" First, a
solution of PEG-NH, (M,,: ca. 6000; 10 mg mL™", 2 mL) was added
into an aqueous solution of GO (0.275 mg mL™!, 10 mL). Next, 1-
ethyl-3-(3-(dimethylamino )propyl)carbodiimide (EDC) was added to
the mixture to a concentration of 2 mM. The mixture was stirred
overnight. The final product was removed through centrifugation and
washed twice with deionized (DI) water to remove any unreacted
PEG-NH,. Finally, the product was dried through lyophilization.

2.2. Synthesis of Au@PEG—GO Composites. An aqueous
solution of HAuCl, (0.047 mg mL™", 10 mL) was mixed with a
solution containing the as-prepared PEG—GO (0.9 mg mL™, 3 mL).
The mixture was aged for 30 min to promote interactions between the
Au ions and the GO surfaces.”’ The reducing agent, sodium citrate,
was added after the mixture had been heated to 80 °C. The solution
was stirred for 4 h. The suspension was centrifuged (6000 rpm), and
the residue was washed twice with DI water to remove any free Au
ions. Finally, the nanocomposites were dried through lyophilization.

2.3. Characterization. Absorption spectra were measured using a
UV—Vis—NIR spectrometer (PerkinElmer Lambda 950). XPS spectra
were recorded using a PHI 5000 VersaProbe system. FTIR spectra
were collected using a Bomem DAS8.3 spectrometer. Raman spectra
were obtained using a Horoba high-resolution confocal Raman
microscope equipped with a HeNe laser. Surface morphologies were
observed using a Digital Instruments Dimension 3100 atomic force
microscope.

2.4. Device Fabrication and Testing. OPV devices were
fabricated on patterned indium tin oxide (ITO)-coated glass
substrates. The PEDOT:PSS layer was spin-coated on the ITO-coated
glass, and then the sample was baked at 120 °C for 1 h. The
photoactive layer, prepared from either a blend of P3HT and PC,,BM
(1:1, w/w) or a blend of PBDTTT-CT and PC,,BM (1:1.5, w/w), was
further overcoated on the PEDOT:PSS layer from a solution of DCB.
For the preparation of devices containing the GO derivatives, the
nanocomposites were blended into the PEDOT:PSS solution and/or
the photoactive solution at various concentrations. The wet films of
the photoactive polymer blends were subjected to solvent annealing in
a glass Petri dish for at least 20 min.*> The samples were then
thermally annealed at 110 °C for 15 min. Finally, the devices were
completed through thermal evaporation of Ca (30 nm) and Al (100
nm) as the cathode. The J—V characteristics of the devices were
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measured using a Keithley 2400 source-measure unit. The photo-
current responses were obtained under illumination from a 150 W
Thermal Oriel solar simulator (AM 1.5G). The intensity of the light
source was corrected using a standard Si photodiode equipped with a
KGS filter. IPCE spectra were recorded using a measurement system
(Enli Technology) comprising a quartz—tungsten—halogen lamp, a
monochromator, an optical chopper, and a lock-in amplifier.

3. RESULTS AND DISSCUSSION

Scheme 1 displays our synthetic route toward the amphiphilic
Au@PEG—GO nanocomposites. First, the carboxylic acid
groups of the GOs were conjugated with PEG-NH, through
carbodiimide-catalyzed amide formation to improve the
dispersibility in organic solvents.* The resulting aqueous
dispersion of PEGylated graphene oxides (PEG—GOs) was
mixed with a HAuCl, solution and heated at 80 °C. A reducing
agent, sodium citrate, was added to the mixture while stirring
and heating continuously. After 4 h, the Au salts were reduced,
and the resulting Au NPs were attached to the PEG—GO
surfaces. Figure Sla and b (Supporting Information) display the
results of solubility tests of the Au@PEG—GO nanocomposite
and Au NP-decorated GOs (Au@GO) in water and 1,2-
dichlorobenzene (DCB), respectively; in each case, the
concentration was maintained at 1.0 mg mL™". Both nanoma-
terials could be dispersed well in water and DCB after
sonication. After standing for 24 h, the Au@GO composite
remained well dispersed in water, whereas apparent precip-
itation was observable in the DCB solution (Figure Sla,
Supporting Information). On the other hand, the Au@PEG—
GO composite was very stable in both solvents, suggesting that
the PEG ligands did improve the solubility in the organic
solvents, in part through steric effects preventing restacking of
the nanosheets. More results of the solubility tests in various
organic solvents can be found in Figure S2 (Supporting
Information).

Figure la displays transmission electron microscopy (TEM)
images of our Au@PEG—GO samples. We observed Au NPs
that were distributed uniformly on the GO surfaces, although
some aggregated Au nanoclusters were still present. As
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Figure 2. (a—c) C 1s XPS spectra of (a) GO, (b) PEG—GO, and (c) Au@PEG—GO composites. (d) Au 4f XPS spectrum of the Au@PEG—GO

sample.

indicated by the dashed lines, which reveal the surfaces of the
GOs, the Au NPs were adsorbed on the GOs selectively. We
also found that the density of the Au NPs was slightly higher at
the edges and at the wrinkles, presumably because their higher
numbers of defect sites (e.g., carboxyl groups) provided greater
amounts of net negative charge for immobilizing the Au ions
during the initial nucleation stage.43 Furthermore, a high-
resolution TEM image (Figure 1b) revealed that the average
size of the Au NPs was approximately 22 nm.

We further characterized the Au nanocomposites using
various spectroscopic techniques, including UV—Vis absorption
spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS). The UV—Vis absorption spectra of the Au@PEG—GO
solutions (Figure 1c) featured an absorption peak at 525 nm,
corresponding to the plasmon band of the Au NPs and
confirming the formation of NPs in the suspensions. In
addition, all of the solutions exhibited typical absorption peaks
at 230 and 305 nm, corresponding to the 7—z* transitions of
C=C bonds and the n—z* transitions of C=O groups,
respectively.** The absorption spectra of PEG—GO and Au@
PEG—GO retained these two characteristic peaks, with no
significant spectral shifts, suggesting that no significant
structural changes occurred in the GO nanosheets after the
PEGylation and reduction steps.

Figure 1d displays Raman spectra of the nanocomposites.
Each spectrum featured two typical peaks: a D band (ca. 1330
cm™) and a G band (ca. 1591 cm™). The former is associated
with the breathing mode of sp*-hybridized C atoms in rings; the
latter is related to the in-plane bond stretching of sp*-
hybridized C atoms.*>*® Because the D band is also associated
with structural disorder and defects, the ratio of the intensities
of the D and G bands (Ip/I;) can be used to probe the extent
of in-plane disorder. Table S1 (Supporting Information) lists
the Ip/I; ratios for our various samples. The value for the
original GO sample (Ip/I; = 1.01) increased slightly to 1.0S for
the PEG—GO nanocomposite. We suspect that amide
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formation at the edges of the GO sheets may have slightly
altered the electronic conjugation within the graphene sheets.
Furthermore, the Ip/I; ratio of the Au@PEG—GO composite
remained almost unchanged after the reduction process,
suggesting that the GOs did not undergo reduction under
our applied conditions.

Figure le presents FTIR spectra of our various GO samples.
The spectrum of the GO sample exhibited characteristic peaks
near 3400 and 1740 cm™}, corresponding to vibrations of OH
and C=0 groups, respectively.*’ We assign another peak, near
1590 cm™, to the stretching vibrations of C=C bonds.***
After PEGlyation, strong signals near 2880 and 1085 cm™
appeared for the PEG—GO composite, representing the
symmetric and asymmetric stretching modes of the CH,
groups and the C—O stretching vibrations, respectively, of
the PEG moieties.*"*” The presence of these two peaks
suggests that PEG moieties had indeed been conjugated to the
GO sheets. Furthermore, the intensity of the peak for the
PEG—GO composite at 1724 cm™", which we assign to O—C=
O vibrations, had decreased significantly; meanwhile, the
intensity of the band at 1634 cm™', which we assign to NH—
CO vibrations, increased, consistent with COOH groups
having formed amide bonds with PEG—NH,.* Finally, we
observed a similar absorption pattern for the Au@PEG—GO
after the reduction step, suggesting that decoration with Au
NPs did not affect the PEG—GO structure. We also used XPS
to further analyze the chemical bonding within these
nanomaterials. Figure 2a—c displays the C 1s XPS spectra of
the GO nanocomposites. The peak of the neat GO sheets could
be deconvoluted into four peaks. The first, centered at 284.2
eV, represented the C—C and C=C bonds; the others, at
286.4, 287.8, and 288.7 eV, can be assigned to the C—O bonds
of epoxy and/or alkoxy groups, C=0 bonds, and O=C—OH
groups, respectively.** ' After the PEGylation reaction,
another peak appeared, centered at 285.6 eV, that we attribute
to the presence of C—N bonds. We also noted that the
intensity of the signal for the C—O bonds decreased, suggesting
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Figure 3. (a) J—V curves of devices under illumination at 100 mW cm™ (AM 1.5G); photoactive layer: P3HT and PCBM. The inset displays the
schematic representation of the device structure. (b) Corresponding IPCE curves of the OPV devices in (a). (c) J—V curves of devices based on the
PBDTTT-C:PCBM blend and Au@PEG—GO nanocomposites, recorded under AM1.5G illumination. (d) Corresponding IPCE curves of the OPV

devices in (c).

Table 1. Electrical Characteristics of Devices Fabricated with Au@PEG—GO Nanocomposites Incorporated into Photoactive

Materials or PEDOT:PSS

device V.. [V] Joc [mMA cm™2] PCE [%] FF
standard” 0.59 + 0.01 9.8 + 0.08 3.70 £ 0.0S 0.64 + 0.01
Au@PEG—GO in active layer” 0.59 = 0.01 11.5 £ 0.21 4.26 + 0.11 0.63 + 0.02
Au@PEG—GO in PEDOT layer® 0.59 + 0.01 11.5 + 0.15 4.40 £ 0.08 0.64 £+ 0.01
Au@PEG—GO in active layer and PEDOT layer® 0.59 + 0.01 12.5 £ 0.19 4.66 + 0.10 0.63 + 0.01
standard” 0.75 £ 0.01 13.8 + 0.11 6.15 + 0.06 0.60 + 0.01
Au@PEG—GO in active layerb 0.75 = 0.01 149 + 0.20 6.92 + 0.10 0.62 + 0.01
Au@PEG—-GO in PEDOT® 0.75 = 0.01 153 £ 0.13 6.94 + 0.07 0.61 + 0.01
Au@PEG—GO in active layer and PEDOT layer” 0.75 + 0.01 16.1 + 0.14 7.26 + 0.08 0.60 + 0.01

“Photoactive materials: P3HT and PCyBM. “Photoactive materials: PBDTTT-CT and PC,,BM.

the removal of oxygen-containing functional groups. These
results confirmed the successful PEGylation of the GOs.
Moreover, the Au(4f) spectrum of the Au@PEG—GO sample
(Figure 2d) featured peaks corresponding to Au 4f,,, and Au
4f;,, orbitals at 83.2 and 86.9 eV, respectively, supporting the
presence of Au’.>*

To investigate the plasmonic effects of the nanocomposites
on the performance of OPVs, we fabricated devices
incorporating our various GO derivatives. The spatial location
of metal NPs can be a critical factor affecting the efficiency of a
device.””?** Because the Au@PEG—GO composite could be
dispersed well in both water and DCB, we could readily
incorporate them into either the poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) layer or the active
layer. The inset to Figure 3a displays the device structure and
illustrates the different spatial locations of the Au@PEG—GO
composites. Figure 3a presents the current density—voltage (J—
V) characteristics of OPVs fabricated with the GO derivatives,
under illumination with simulated solar light (100 mW cm™,
AM 1.5G). When the active layer was a P3HT:PCBM blend,
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the standard device (i.e., the one prepared without any GO
derivatives) exhibited an open-circuit voltage (V,.) of 0.59 V, a
short-circuit current density (J,.) of 9.82 mA cm™, and a fill
factor (FF) of 0.64, yielding a PCE of 3.70%. After the Au@
PEG—GO composite had been blended into the active layer,
the value of V. remained at 0.59 V, suggesting that doping of
the NPs did not affect the interface between the active layer and
the electrodes. On the other hand, the photocurrent improved
to 11.5 mA cm™?, resulting in the PCE increasing to 4.26%.
Table 1 summarizes the performance characteristics of the
various devices prepared in this study.

To clarify the effect of the metal NPs, we also fabricated
devices containing various amounts of PEG—GO but without
any Au NPs incorporated within them. Figure S3 (Supporting
Information) reveals that, interestingly, the values of V. and J.
remained almost unchanged upon the addition of the PEG—
GO nanosheets. The FF, however, decreased monotonically
upon increasing the concentration of PEG—GO. We suspect
that the insulating nature of PEG—GO might have somehow
affected the device resistances, thereby degrading the device
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performance. The enhancement in efficiency of the device
containing the Au@PEG—GO nanocomposites suggests that
the Au NPs induced plasmonic effects and improved the light-
harvesting ability of the OPVs. The advantageous plasmonic
effects overwhelmed the degraded electrical properties.”®

To further study the underlying mechanism responsible for
the enhanced device performance, we measured the incident
photon-to-electron conversion efficiency (IPCE) spectra of the
various devices (Figure 3b). Compared with the spectrum of
the standard device, the IPCEs increased significantly in the
range from 500 to 600 nm after incorporation of the Au@
PEG—GO materials. The similarity between the spectral ranges
for the IPCE and the extinction of the Au NPs (Figure 1lc)
confirmed that plasmonic effects were occurring in the device
featuring Au@PEG—GO. We also used atomic force
microscopy (AFM) to examine the morphologies of the active
layers before and after the incorporation of the Au@PEG—GO
composites. The AFM images in Figure S4 (Supporting
Information) do not reveal any significant changes in
morphology. Therefore, we conclude that morphological effects
were not the main factors behind the enhancement in device
performance.

Because of the amphiphilic properties of the Au@PEG—GO
nanocomposites, we could also incorporate the NPs into the
PEDOT:PSS layer. Figure 3a also displays the J—V character-
istics of the OPV after we had doped the Au@PEG—GO
composite into the PEDOT:PSS layer. While the values of V,_
and FF remained unchanged, the value of J,. increased to 11.5
mA cm?, resulting in the PCE increasing to 4.40%. More
interestingly, if we blended the nanocomposites in both the
PEDOT:PSS and P3HT:PCBM layers simultaneously, the
photocurrent increased further, to 12.5 mA cm™, thereby
improving the calculated PCE to 4.66%. Overall, the photo-
current increased by greater than 20%.

To explore the potential plasmonic effects of the amphiphilic
nanocomposites, we also applied other LBG polymers, such as
poly{[4,8-bis(2-ethyl-hexyl-thiophene-5-yl)-benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl]-alt-[2-(2'-ethyl-hexanoyl)-thieno[3,4-
b]thiophen-4,6-diyl]} (PBDTTT-CT), to the fabrication of
OPV devices.> Figure 3c displays the electrical properties of
devices incorporating the PBDTTT-CT/PC,,BM blend as the
active layer. The standard device exhibited a value of V_ of 0.75
V, a value of J,. of 13.8 mA cm™2 and a FF of 0.60, yielding a
PCE of 6.15%. After blending the Au@PEG—GO nano-
composites into the PBDTTT-CT/PC,,;BM layer, the value of
J. improved to 14.9 mA cm™?; the FF increased slightly to 0.62,
resulting in the PCE increasing to 6.92%. Similarly, the PCE
improved to 6.94% after we had added the Au@PEG—-GO
composite into the PEDOT:PSS buffer. When we incorporated
the NPs into both layers, we obtained a higher photocurrent
(16.1 mA cm™2); the calculated PCE was 7.24%. The IPCE
spectra of the PBDTTT-CT:PC,,BM devices revealed a trend
similar to that of the photocurrent (Figure 3d).

Figure 4 displays the changes in the IPCEs of the OPVs
investigated in this study. The ranges of efficiency enhancement
changed after we incorporated the Au NPs at different positions
in the device. For the P3BHT:PCBM-based devices with Au@
PEG—GO doped in the PEDOT:PSS layer, the enhancement
in efficiency ranged mainly at wavelengths from 520 to 640 nm
(Figure 4a). When we incorporated the Au@PEG—GO
composite into the active layer, however, we observed a
broader spectral region of enhancement. We suspect that this
difference was due to the different dielectric environments
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PBDTTT-C:PCBM.

surrounding the Au NPs.”*** Interestingly, the enhancement in
quantum efficiencies became higher and broader after we had
doped the Au NPs in both layers. In order to study the
absorption behavior of the active layers prepared under
different conditions, we performed reflectance measurements
using various devices; the results are displayed in Figure SSa
(Supporting Information).”” We can observe that the devices
containing Au@PEG—GO composites exhibited lower reflec-
tivity than that of the reference device, suggesting more
photons were trapped in the devices due to the plasmonic
effects. Figure SSb (Supporting Information) also displayed the
difference in absorption of these thin films. Similar trends to the
IPCE spectra have been observed. Therefore, these results are
in good agreement with our proposed plasmonic mechanism.
For the devices prepared using the LBG polymer as the
active layer, the differences in the spectral enhancement regions
were even more pronounced. As revealed in Figure 4b, doping
of the nanocomposite in the active layer (PBDTTT-CT/
PC,,BM) increased the efficiencies relatively strongly near 520
nm. The curve red-shifted and covered the spectral range from
560 to 750 nm. When we doped the NPs in both device
locations, the range of enhancement became much more
extended. Because solar radiation covers a broad wavelength
range, our results suggest that the various dielectric environ-
ments surrounding plasmonic nanostructures can be used to
extend the spectral range of enhanced light absorption.
Finally, to confirm the plasmonic effects, we also examined
the steady state photoluminescence (PL) of photoactive layers
prepared under the various experimental conditions (Figure
Sa). The PL intensities of the PAHT:PCBM films increased by
greater than 20% when we blended the Au@PEG-GO
composite into either the PEDOT:PSS layer or the photoactive
layer, indicating the presence of apparent plasmonic effects.”
We suspect that the higher PL intensities were due to the
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Figure S. (a) PL spectra of P3HT films incorporating Au@PEG—GO
nanocomposites, recorded using an excitation source wavelength of
470 nm. (b) PL decay profiles for P3HT/PCBM films incorporating
Au@PEG—GO nanocomposites. Excitation source: 470 nm pulsed
laser.

enhanced near fields surrounding the Au NPs, thereby
improving the absorption efficiencies of the polymers and,
accordingly, increasing the number of excitons.

We also performed time-resolved PL measurements to study
the dynamics of the plasmonic effects. Figure Sb displays the PL
intensity decay profiles, obtained using a 407 nm pulse laser as
the light source, of the photoactive layers prepared under
various conditions. We fitted the curves using a multi-
exponential function®®

I(t) = Z a exp(—i]

i=1 4

(1)

where @; is the amplitude of the ith decay; 7; is the ith
exponential constant; and # is the number of decays involved.
All of the decay curves could be fitted well using two
exponential constants (7; and 7,); Table 2 lists the fitting

Table 2. Exciton Lifetime Constants Determined from the
PL Decay Curves in Figure 5b

sample 7 (0s) 7 (08)  Texcron (0S)
reference (no GOs) 0.191 1.765 0.819
Au@PEG—GO in PEDOT:PSS layer 0.186 1.493 0.746
Au@PEG—GO in active layer 0.184 1413 0.724
Au@PEG—GO in both layers 0.177 1.417 0.687

results. For the P3HT:PCBM sample prepared without any
blended NPs, the values of 7; and 7, were 0.191 and 1.765 ns,
respectively, corresponding to a exciton lifetime (Teyon) Of
0.819 ns.’® For the devices prepared with a single
nanostructure, namely, with Au@PEG—GO in either the
PEDOT:PSS layer or the active layer, the values of 7 . on
decreased to 0.746 and 0.724 ns, respectively. Notably, the
value of 7T, Of the sample containing the Au NPs in the
active layer was shorter than that in the PEDOT:PSS layer,
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presumably because of the near-field nature of the plasmonic
effects when the metal surfaces were closer to the excitons.
After we had doped the nanocomposites into both layers, the
exciton lifetime decreased further to 0.687 ns, suggesting even
stronger coupling between the excitons and the plasmonic
field > These results confirmed the presence of plasmon—
exciton coupling in the devices and, furthermore, the
accumulation of the plasmonic effects of the Au NPs at the
two different device locations.

4. CONCLUSIONS

We have developed Au NP/GO nanocomposites that can be
dispersed well in both aqueous and organic solvents. This
amphiphilicity is especially suitable for positioning the
plasmonic nanomaterials in different layers of conventional
OPVs. When we blended these nanocomposites into the
PEDOT:PSS layer and/or the active layer, they introduced
LSPR effects in the OPVs, leading to excellent enhancements in
the photocurrents and efliciencies of the devices under solar
irradiation. Because the two layers provided different dielectric
environments, the spectral ranges over which the efficiencies
were enhanced were different, suggesting a practical method for
extending the range of useful wavelengths when applying a
single plasmonic material. We hope that this study will open up
new avenues for improving the performance and applications of
solar cells through the exploitation of LSPR effects.
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