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ABSTRACT: There has been a lot of interest regarding the influence of active-
layer-incorporated plasmonic nanoparticles (NPs) in the performance of bulk Au:TOAB

heterojunction organic photovoltaic (OPV) devices, while both an increase and () z: P3HT
decrease in performance have been reported. In this paper, following a
systematic approach, we demonstrate strong evidence of the critical importance o ®

of the NPs’ ligand shell on the device performance. In particular, it is argued
that the plasmonic effect accountable for the performance enhancement takes
place only in the case in which the NP’s core is in direct contact with the active P3HT:PCBM/P3HT:ICBA

layer polymer donor. This can be achieved with the utilization of either ligand-

free NPs or NPs terminated with the same polymer donor as the active layer. Using this concept we achieved an enhanced
efficiency of 7.16% in OPV devices incorporating the poly(3-hexylthiophene-2,5-diyl) (P3HT):indene-C60 bisadduct (ICBA)
active layer. On the contrary, devices with ligand-terminated Au NPs show lower performance, even compared with the
reference, NP-free, device due to the deteriorated active layer morphology attained, which leads to exciton quenching. These new
insights into the plasmonic light-harvesting technology could shed light on the existing controversy and provide guidelines for
device design and fabrication.

KEYWORDS: organic solar cells, bulk heterojunction, plasmonic nanoparticles, ligand coating

O rganic solar cells are strong candidates for the develop- This drawback poses limitations on the thickness of the active
ment of cost-effective, lightweight solar energy con- layer, which, usually, should not exceed 200 nm.”

version. A major advantage of this technology is the ability to Thus, one of the major challenges in the field is to develop
manipulate the concentration and functionality of the new strategies aiming for the enhancement of light absorption,
components within the active layer, which in return allows which can result in a higher number of excitons generated.
the tuning of the device optoelectronic characteristics. Recent research indicates that a fascinating strategy to increase
Currently, the most efficient single-junction OPV device the number of excitons is by “trapping” incident light into the
exhibits power conversion efficiencies (PCEs) of over 9% and active layer by means of metallic nanoparticles (NPs).*’
is based on a polymer—fullerene bulk heterojunction (BHJ) Plasmonic NPs are known to exhibit a strong absorption band
active layer architecture, characterized by a complex inter- in the UV—visible region, due to excitation of localized surface
penetrating network of two polymer phases.”> Organic plasmon resonance (LSPR) modes (LSPR, nonpropagating
photovoltaic (OPV) commercialization is expected to spark excitations of conduction electrons within a metallic nano-
once the efficiencies for single-junction devices exceed 10%.375 structure), which lie within the optical absorption band of the
A major barrier against further improvement of OPVs is the conjugated polymers used in the active layer. The enhanced
fundamental trade-off between efficient light absorption (which plasmonic optical field at the vicinity of NPs is coupled to the
requires a thick device) and efficient photogenerated carrier photoactive layer, increasing its effective absorption cross-
collection (which requires a thin device).® Indeed, charge section and thus exciton yield.">"!

transport in BHJ OPVs is accomplished provided that

continuous pathways for both types of carriers exist, but the Received: February 9, 2015

presence of such pathways is less likely for thick active layers. Published: May 6, 2015
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Figure 1. (a) Schematic representation of the BHJ OPV cell architecture; (b) the three types of NPs embedded into the active layer, namely, bare

(i), TOAB-terminated (ii), and P3HT-terminated (iii).

However, recent studies concerning the effect of NP
incorporation into the active layer are rather controversial.
There are several groups discussing that the PCE slightly
increases upon dispersion of plasmonic NPs into the active
layer,lz_16 while others report that PCE decreases.'”'® Besides
this, it was reported that the addition of chemically synthesized
plasmonic NPs in the active layer not only enhances the local
absorption of light but also leads to increased carrier
recombination.'” This effect was recently verified using a
combination of ultrafast optical spectroscopy and electrical
characterization measurements.”® In this context, we have
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previously suggested that the presence of a ligand coating on
the NPs may promote undesirable exciton quenching, via
nonradiative energy transfer between the NPs and the active
layer."* To support this hypothesis, metallic NPs formed by a
physical laser ablation method*>*" that are free of surfactants
were used as additives. It was demonstrated that the device
performance can be significantly enhanced by 40%. The effect
was attributed to LSPR and blend morphology effects,”** but
no concrete conclusion was drawn on the mechanism
responsible for the remarkable improvement of device
performance.
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This work sheds light on the important role of the NPs’
ligand shell on the performance of BH] OPV devices. In a
systematic study, Au NPs of different ligand coatings are
deliberately employed and the variations in device character-
istics are carefully analyzed. Our studies reveal that the best
PCE is obtained for poly(3-hexylthiophene-2,5-diyl) (P3HT)
mixed with fullerene acceptor derivative (phenyl-C61-butyric
acid methyl ester (PCBM) and indene-C60 bisadduct (ICBA))
cells doped with NPs terminated with P3HT chains. On the
other hand, the significant inferior performance of devices
doped with ligand-encapsulated NPs can be attributed to the
deterioration of the active layer morphology attained.

B RESULTS AND DISCUSSION

All the experiments were performed using the P3HT as
electron donor material since one of the ligands used in this
work was P3HT polymer, and the well-studied PCBM fullerene
derivative was used as electron acceptor material in the case of
air-processed OPVs and an ICBA fullerene derivative with
optimized energy levels (shifted lowest unoccupied molecular
orbital by 0.17 eV toward the vacuum level) in the case of
highly efficient OPVs processed under an inert atmosphere.
Since the P3BHT:PCBM BH]J system is the best characterized
OPYV system, the conditions for optimum performance are well
identified, but more importantly it is a highly reproducible
system that enables a quantitative study of the effect of the NPs’
ligand shell on the photovoltaic performance. The P3HT:ICBA
BH]J system”* was used to validate our findings for the case of
high-efficiency OPV cells as well. Initially, gold nanoparticles
synthesized by the Brust method™ and coated with tetraoctyl
ammonium bromide (Au:TOAB) were incorporated in both
BH]J systems as light-harvesting components. In such polymer—
nanoparticle blends, although the light absorption was
monotonically increased with incorporating increasing amounts
of metal NPs into the active layer, at the same time the short-
circuit current (J,.), open-circuit voltage (V,.), and fill factor
(FF) of the ensuing devices monotonically decreased (results
not shown). The observed decrease can be attributed to the
NPs acting as recombination centers within the device, in
essence creating internal short circuits throughout the photo-
active layer. This adverse effect of NP-assisted recombination
had also been confirmed experimentally by Wu et al, via
transient absorption spectroscopy measurements.'”

To further examine the influence of plasmonic NPs on OPV
device performance and clarify the observed Au:TOAB NPs’
deterioration effect, incorporation of two additional NP types
was investigated: (a) surfactant-free, ion-terminated Au NPs
prepared by physical synthetic means*' and (b) P3HT-
terminated Au NPs (Auw:P3HT). Both NP types (made
chemically and by ablation) exhibit similar size distributions
(Supporting Information). Practically both systems allow direct
contact of NPs with the active layer components and
potentially improved exg)loitation of the plasmon absorption
enhancement process.”® At the same time, the different
termination coatings among the three types of NPs used
enable the investigation of the effect of ligand molecules on
plasmonic enhancement.

Figure 1 presents a schematic of the different OPV cell setups
discussed in this work. These cells are based on the
configuration ITO/PEDOT:PSS/P3HT:fullerene/interlayer-
(optional)/Al with three different types of Au NPs embedded
into the active layer. The corresponding UV—vis absorption
spectra of the optimized P3HT:PCBM-based devices in each
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case are shown in Figure 2a. The red shoulder at 602 nm
indicates the effective self-organization of the regioregular
P3HT. In the spectral region between 450 and 650 nm where
the P3HT:PCBM absorbs, an increase in the percentage of
absorbance occurred for all NP-based OPVs. Figure 2b presents
the respective absorption enhancement (ratios of the
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Figure 2. (a) Absorption spectra of the BHJ OPV devices with
different types of Au NPs embedded into the active layer (the
absorbance is baseline corrected with the PEDOT:PSS/ITO/glass
substrate as a reference). (b) Absorption enhancement factor of the
devices (relative ratios of the absorption spectra of NP-embedded
devices to that of the pristine one). The calculated extinction spectrum
of Au NPs embedded in the P3HT:PCBM medium is plotted for
comparison (dashed line). The dielectric constants of P3BHT:PCBM
were obtained from ref 28. (c) Normalized PL spectra of reference and
P3HT:PCBM active layers blended with different types of Au NPs.
Each spectrum is normalized by the respective active layer absorption
at the excitation wavelength.
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absorption spectra of the Au NP-based devices to that of the
pristine one), together with the extinction (scattering plus
absorption) spectra for 8 nm Au NPs embedded in
P3HT:PCBM media, as calculated using Mie theory.”” For
the calculation of these extinction spectra the optical constants
of P3HT:PCBM were used,*® leading to a red-shift of the
resonance peak with respect to that recorded in ethanol.
Notably, the absorption enhancement for bare as well as
Au:P3HT NP-doped devices exhibits a maximum at 610 nm,
which fairly coincides with the extinction peak of the Au NPs,
indicating that absorption improvement is due to the LSPR
effect. The long tail to the absorption enhancement curves
toward lower wavelengths suggests efficient scattering from
larger diameter Au NP aggregates formed during the spin-
coating process.”> On the contrary, for the Au:TOAB-doped
devices the absorption enhancement is lower and the LSPR
effect is weaker; this is probably due to the adverse effect of the
TOAB ligand, which acts like an optical spacer between the
NPs and polymer absorber, giving rise to a decreased plasmon
optical field at the donor chains in the vicinity of NPs.

The photoluminescence (PL) spectra of the P3HT:PCBM-
based devices with Au NPs embedded in the active layer in
various concentrations are shown in Figure 2c. In all cases, the
incorporation of Au NPs leads to broader PL spectra and an
increase of the PL. Such enhancement can be attributed to the
fact that the LSPR excitation increases the degree of light
absorption and, thereby, enhances the exciton generation rate.*
Moreover, the enhanced PL intensity can arise from the strong
coupling between the excitonic state of P3HT and the
plasmonic field of the NPs, which is due to the propagating
oscillation of the surface plasmon dipole plasmonic field and
excitons.>"

To verify that the enhancements presented in Figure 2 are a
fair representation of the light absorbed into the active layer
and subsequent exciton generation, we have fabricated a series
of OPV devices. Figure 3a shows the current—voltage (J—V)
characteristics for a series of eight different cells in each case for
the P3HT:PCBM photoactive blend. The respective averaged
photovoltaic characteristics are summarized in Table 1. It is
observed that the incorporation of Au:P3HT NPs in both
active layers induces a significant improvement of both the
device short-circuit current (J,.) and the fill factor (FF),
whereas the open-circuit voltage (V,.) remains constant. As a
result, a 37.2% increase in PCE is obtained compared to the
reference device. The situation is similar to the case of devices
doped with ablated Au NPs, where a 20.3% increase in PCE is
attained. On the contrary, the Au:TOAB-doped devices
exhibited inferior performance compared to either of the
above cases as well as to the reference device. It is important to
note that the above results did not qualitatively change when
the efficiency of OPV devices was further improved upon using
a bilayer Ca/Al cathode (ITO/PEDOT:PSS/P3HT:PCBM/
Ca/Al). The respective J—V and photovoltaic characteristics are
presented in Figure S2 and Table S2.

In order to investigate the underlying mechanism responsible
for the enhanced performance of the devices, the incident
photon-to-electron conversion efficiency (IPCE) curves of the
respective devices were recorded (Figure 4a). The correspond-
ing increase in IPCE (AIPCE) is presented in Figure 4c. It can
be observed that IPCE increases considerably upon the
incorporation of bare and Aw:P3HT NPs, which complies
with the enhanced J,. observed in both cases, indicating
photocurrent generation from light harvested by the NPs. In
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Figure 3. J—V characteristics of reference and OPV devices of the
configuration (a) ITO/PEDOT:PSS/P3HT:PCBM/AI and (b) ITO/
PEDOT:PSS/P3HT:ICBA/Ca/Al incorporating different types of Au
NPs into the active layer.

particular, the IPCE of both types of devices becomes enhanced
in a broad spectral range (480 to 700 nm), while it maximizes at
580 nm. This wavelength regime practically coincides with the
spectral range in which the optical absorption of the Au NPs
embedded in P3HT:PCBM medium is enhanced due to the
LSPR effect (Figure 2b). On the contrary in the Au:TOAB-
doped devices, although an absorption enhancement factor was
obtained (Figure 2b), IPCE decreases compared to the
reference cell. Considering that AIPCE for bare and
Au:P3HT NPs becomes maximum close to the plasmon
absorption peak, IPCE enhancement can be attributed to the
local enhancement of the incident electromagnetic irradiation
field in the vicinity of small-sized NPs, due to LSPR effects. On
the other hand, as our group recently showed by means of
combined X-ray reflectivity and AFM measurements, the
incorporation of surfactant-free NPs in the photoactive layer
also gives rise to enhanced structural stability of the blend and,
therefore, optimized blend morphology,**** an effect that
explains the observed disparity between the absorption and the
IPCE enhancement. In this context we postulate that the
reason for the substantially decreased IPCE observed for
Au:TOAB NPs, despite the absorption enhancement shown in
Figure 2b, may be due to the deterioration of the active layer
morphology, as a result of the interaction of the TOAB
surfactant molecules with the active polymer chains. This
further suggests that in the presence of P3HT ligands the blend
morphology is not disturbed.

In a first attempt to investigate the effect of NPs’ ligand shell
on active layer morphology, atomic force microscopy (AFM)
studies of the surfaces of the different blends were conducted.
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Table 1. Photovoltaic Characteristics of Solar Cells of the Configuration ITO/PEDOT:PSS/P3HT:PCBM/Al, Incorporating
Different Types of Au NPs into the Photoactive P3HT:PCBM Layer

FF (%) PCE (%) wy, (cm?/(V s))
53.83 + 0.30 2.66 + 0.05 8.98 x 107*
56.65 + 0.32 3.20 + 0.09 1.17 X 1073
46.74 + 021 2.18 + 0.04 7.83 x 107*
58.90 + 0.34 3.65 + 0.11 126 X 1073

active layer Jic (mA/cm?) V. (V)
P3HT:PCBM 8.30 £ 0.12 0.60 + 0.02
P3HT:PCBM + Au 945 + 0.21 0.60 + 0.03
P3HT:PCBM + Au:TOAB 8.15 £ 0.11 0.57 £ 0.03
P3HT:PCBM + Au:P3HT 10.54 + 0.26 0.59 + 0.02
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Figure 4. IPCE curves of reference and OPV devices incorporating
different types of Au NPs into the P3HT:PCBM (a) and P3HT:ICBA
(b) active layers, respectively. (c) AIPCE curves (relative ratios of the
IPCE spectra of NP-embedded devices to that of the pristine one) of
the P3HT:PCBM-based plasmonic devices.

As shown in Figure S, the BHJ layer of the best OPV devices
showed increased roughness compared to the reference and
Au:TOAB NP-doped ones. Besides this, the Au:P3HT NP-
doped blend showed a much coarser texture with broad hill-like
features, compared to the other BHJ layers. It has been
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suggested that a rough P3HT:PCBM surface indicates
enhancement of the ordered structure that assists exciton
dissociation.** Moreover, it has been reported that an increase
of blend roughness will give rise to a corresponding increase of
the interface area between the anode and the active layer,
providing shorter routes for holes to travel to the anode and
thus enhancing hole mobility.**** To test this in our case, hole-
only devices were fabricated for all different types of devices. As
shown in Table 1, the hole mobilities of the reference device as
well as those blended with surfactant-free Au, Au:TOAB, and
Auw:P3HT NPs are calculated from the currents in the square
law region to be 8.98 X 107% 1.17 X 1073, 7.83 X 107* and
1.26 X 107 cm® V' 57!, respectively. Therefore, it is clear that
the hole mobility decreases for the Au:TOAB NP-doped cells
due to inferior hole transport. Finally, the reduced mean
distance between generated holes and PEDOT:PSS occurring
in rough blends could weaken the dependence of hole
collection on the external field and thus explain the FF
improvement of the respective devices. An additional direct
evidence for the inferior transport properties of the Au:TOAB
NP-based blends compared to those incorporating surfactant-
free and Aw:P3HT NPs is provided by time-resolved PL
(TRPL) spectroscopy. TRPL measurements are widely used to
determine the exciton lifetime and in our case could provide
insight into the dynamics of the photogenerated excitons.***’
Figure 6 displays the PL intensity decay profiles obtained for
the different blends onto PEDOT:PSS layers. The PL decay
data were adequately fitted using a double exponential function
(see the Methods section), and the associated fitting
parameters are listed in Table S1 (Supporting Information).
The corresponding effective exciton lifetimes, 7., were
calculated to be 140, 116, 132, and 293 ps for the reference,
Au:P3HT, bare Au, and Au:TOAB-based blends, respectively.
The exponential fitting of the PL decay can provide insight on
the time scale of the excitons’ dissociation into charge pairs
within the blend.”® Accordingly, the almost 2 times slower
decay time measured in Auw:TOAB-based blends can be
attributed to a deficient exciton dissociation and thus charge
separation. This qualitatively suggests that in this blend the
fullerene regions may not be in close proximity to the polymer
and that excitons need to diffuse for a longer time to reach a
donor/acceptor interface compared to the blend with
AwP3HT NPs.>® The TRPL results above further support
the inhibition of the charge transfer process due to the inferior
morphology of the Au:TOAB-based blend.

To better evaluate the P3HT structure in the different
blends, grazing incidence XRD experiments were carried out,
and Figure 7 shows the respective spectra (100) diffraction
peaks corresponding to the spacing among P3HT lamellae.*
The relative degree of P3HT crystallinity and the domain size
of the different blends can be obtained by fitting the diffraction
peaks and subsequently calculating the respective intensity,
area, and the full width at half-maximum (fwhm). Compared to
the reference blend, it is clear that the peak intensity and area
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Figure 5. AFM images of the reference (a), bare NP-doped (b), Au:TOAB NP-doped (c), and Au:P3HT NP-doped (d) P3HT:PCBM BH]J layers.

The rms roughness of the respective surfaces is indicated.
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Figure 6. TRPL decay profiles for the reference (P3HT:PCBM) and
plasmonic blends incorporating Au NPs terminated with different
ligands.
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Figure 7. P3HT (100) X-ray diffraction peak measured for the
reference, bare NP-doped, Au:TOAB NP-doped, and Au:P3HT NP-
doped P3HT:PCBM BHJ blends.
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for the Au:P3HT- and bare Au NP-doped blends increases,
while its fwhm decreases, indicating that these blends exhibit a
higher degree of crystallinity and ordering of the P3HT chains.
On the contrary, both peak intensity and area for the
Au:TOAB-doped blend remarkably decrease, indicating the
inferior crystallinity of this blend. The relative fwhm’s as
calculated from the peaks are 0.86, 0.90, 0.92, and 1.02 for
Au:P3HT, bare Au, reference, and Au:TOAB-based blends,
respectively. Therefore, according to the Debye—Scherrer
relationship, the P3HT domain size in the Au:P3HT-doped
blend is the largest. It can be concluded that the XRD results
are in accordance with the AFM and TRPL analysis and further
support our observations for the transport properties of the
respective blends.

As a final investigation of the effect of NPs’ ligand shell on
blend morphology, the resonance Raman spectra of the C=C
stretching mode of P3HT in the different plasmonic BHJ
blends were recorded. Figure 8a—d present the respective
spectra, showing two bands around 1450 and 1470 cm™
assigned to the C=C stretching modes of aggregated (C=
C.g) and unaggregated (C=C,,) P3HT components,
respectively.***' Aggregated species correspond to P3HT
chains possessing high intra- and interchain order and long
conjugation lengths, whereas unaggregated species have less
intra- and interchain order and shorter conjugation lengths.
The data of Figure 6 indicate that, compared to the pristine
blend, the aggregated P3HT chains in the best-performing Au-
and Au:P3HT-doped BH]J layers are increased at the expense of
unaggregated ones (Figure 7c and d). This is in contrast to
what is measured in Au:TOAB-doped blends (Figure 7b),
showing a remarkable increase of C=C,,, components and thus
of P3HT disorder. These results suggest the NP ligand greatly
influences the P3HT chain order and in series the BHJ blend
morphology in a manner that complies with the electrical
performance of the respective devices. Although the above
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Figure 8. Resonance Raman spectra of C=C stretching modes of P3HT measured for the reference (a), bare NP-doped (b), Au:TOAB NP-doped
(c), and Au:P3HT NP-doped (d) P3HT:PCBM BH]J blends. The C=C mode is fitted with two Lorentzian functions (dashed traces) of the form
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Table 2. Photovoltaic Characteristics of Solar Cells of the Configuration ITO/PEDOT:PSS/P3HT:ICBA/Ca/Al, Incorporating
Different Types of Au NPs into the Photoactive P3HT:ICBA Layer

active layer Jic (mA/cm?)
P3HT:ICBA 10.48 + 0.18
P3HT:ICBA + Au 11.56 + 0.24
P3HT:ICBA + Au:TOAB 10.25 + 0.19
P3HT:ICBA + Au:P3HT 12.06 + 0.27

V. (V) FF (%) PCE (%)
0.84 £ 0.01 65.78 + 0.23 $.79 £ 0.20
0.84 + 0.01 68.83 + 0.31 6.68 + 0.25
0.79 £+ 0.02 56.93 £ 0.25 4.61 + 023
0.83 £ 0.01 71.51 + 0.34 7.16 £ 0.28

results indicate that NP ligands strongly affect the blend
structure, the detailed evolution of the BHJ morphology with
addition of NPs is a complex problem and beyond the scope of
this work.

Our results above suggest that decreasing the distance of the
NPs’ metallic core from the active layer polymer components,
as occurs in the cases of bare and Au:P3HT NPs, appears to be
an efficient way to suppress disruption of the active layer
morphology and thus recombination pathways via NP-induced
subgap traps.'”** Further confirmation on these observations
was provided by two additional experimental findings. First, the
performance was gradually decreased upon incorporation of
laser-synthesized bare Au NPs initially terminated with a TOAB
surfactant layer (Figure S3, Supporting Information). More-
over, the dispersion of the same quantity of TOAB molecules in
the reference blend had no influence on its photovoltaic
performance.

To further account for the validity of the above findings, we
have tested the influence of the NPs’ ligand shell on the
performance of high-efficiency OPV cells incorporating the
P3HT:ICBA photoactive layer. Figure 3b shows the respective
J—V curves, while Table 2 the averaged photovoltaic parameters
of reference and NP-based P3HT:ICBA OPV cells, doped with
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the same NP types used in the case of P3HT:PCBM cells. In
accordance with the case of the P3HT:PCBM system,
incorporation of Au:P3HT NPs into the P3HT:ICBA photo-
active layer gives rise to the best performance, leading to 23.7%
PCE enhancement compared to the reference device, while
devices doped with bare Au NPs showed a 15.4% PCE increase.
On the contrary, the Au:TOAB-doped devices exhibited
inferior performance. As also shown in Figure 4c, the above
trend is followed by the respective IPCE measurements as well.
The above results further support our findings on the effect of
NP ligand coating on the performance of NPs-based BH] OPV
cells. Although the exact mechanisms behind the observed
influence on the P3HT:ICBA system were not as thoroughly
explored as in the case of the P3HT:PCBM one, it is highly
possible that the situation is similar in both BHJ systems. In
light of these results, further studies are in progress to fully
understand and control the nature of the NPs’ ligand-induced
damping and loss mechanisms.

H CONCLUSION

In summary, we have revealed the strong impact of NP ligand
shell on the performance of plasmonic BHJ organic solar cells.

DOI: 10.1021/acsphotonics.5b00202
ACS Photonics 2015, 2, 714—723


http://dx.doi.org/10.1021/acsphotonics.5b00202

ACS Photonics

In particular, we identified that for our OPV systems improved
PCE can be obtained only when the NPs’ metallic core is in
direct contact with the active layer polymeric components. In
particular, it is found that the effect of the NPs’ coating is
twofold. A minor effect is that the ligand group may act as an
optical spacer between the NPs and polymer absorber, giving
rise to a decreased plasmon optical field. The major effect,
however, is that the morphology of the BH]J blend and in series
the OPV performance are substantially influenced by the NPs’
terminating coating. We envisage that this work brings about a
new thinking and practices in the effort to maximize PCE via
plasmonic-nanostructure-mediated light-harvesting effects.

B METHODS

Laser-Assisted Synthesis of Bare Au NPs. Plasmonic Au
NPs were generated by ultrafast laser ablation of a Au metallic
target (99.99%) immersed in ethanol. This physical synthetic
method provides the possibility of generating a large variety of
NPs that are free of both surface-active substances and
counterions.”’ Two steps were followed for the NP
generation;* in the first step high laser energies were used
for the production of colloids of wide size distribution. In the
second step the initial colloidal solution was illuminated by a
focused femtosecond laser beam. During this process, the
fragmented species recoalesce to form less dispersed and much
more stable NPs in the solution.”> The NP sizes ranged from 3
to 14 nm with ~80% of the NPs exhibiting sizes between 6 and
9 nm. The morphology of NPs was characterized with high
resolution transmission electron microscopy (HRTEM). The
corresponding absorption spectra were measured using a
PerkinElmer UV—vis spectrophotometer.

Synthesis of TOAB-Stabilized and P3HT-Function-
alized Au Nanoparticles. Au nanoparticles stabilized with
tetraoctylammonium bromide were prepared in a water/
toluene two-phase system, using a slightly modified protocol
from that described by Brust et al*> In detail, an aqueous
solution of hydrogen tetrachloroaurate (3 mL, 30 mM) was
mixed with a solution of TOAB (8 mL, SO mM) in toluene and
stirred until the tetrachloroaurate was transferred into the
organic phase. The phase transfer was confirmed visually by the
disappearance of the pale yellow color of the aqueous phase
and the appearance of the reddish-orange color of the organic
phase. Then, a freshly prepared aqueous solution of sodium
borohydride (2.5 mL, 0.4 M) was slowly added while stirring
vigorously and the mixture was stirred for 20 min. The ruby-
colored organic phase was separated from the aqueous phase
with a separating funnel and washed once with dilute sulfuric
acid (20 mL, 0.1 M), twice with sodium carbonate solution (20
mL, 1 M), and finally once with water (20 mL). The organic
phase was then dried over anhydrous sodium sulfate.

For the functionalization of TOAB-coated gold nanoparticles
with P3HT, a freshly prepared solution of P3HT (100 uL, 4.16
mg/mL) in chloroform was added to 1 mL of TOAB-stabilized
gold nanoparticles and 500 uL of toluene. The nanoparticle
solution was stirred for 1 h and stored at room temperature. It
is well reported that TOAB does not bind to the Au surface
particularly strongly.** The weak binding of TOAB on the Au
surface makes it convenient to exchange ligands with other
capping agents.*’ In our case the sulfur groups present in the
P3HT chains bind covalently to the Au surface, replacing the
electrostatically bound TOAB molecules. As the sulfur groups
bind to the Au surface strongly, the Au nanoparticles remain
stable after ligand exchange. The morphology of P3HT-coated
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NPs was characterized by transmission electron microscopy by
TEM (FEI Technail2) and UV—vis spectroscopy (Cary 300
Bio).

Photovoltaic Device Fabrication and Characteriza-
tion. The photovoltaic devices were fabricated by spin-coating
an active solution of regioregular P3HT:PC4BM and
P3HT:IC,BA in 1:1 wt/wt ratio dissolved in dichlorobenzene
(DCB). P3HT was purchased from Rieke Metals PCBM from
Nano-C and Sollene B.V. The devices were fabricated on 20
mm X 15 mm indium—tin-oxide (ITO) glass substrates with a
sheet resistance of 8—12 Q/sq. As a hole transport layer,
poly(ethylenedioxythiophene) doped with poly(4-styrenesulfo-
nate) (PEDOT:PSS) (Clevios P VP Al 4083, Heraeus) spin-
cast from an aqueous solution on the ITO substrate was used,
giving an average thickness of 30 nm layer (surface resistance
<80 Q/sq), followed by 15 min baking at 120 °C. The
photoactive layer was subsequently deposited by spin-coating
the P3HT:fullerene:NPs blend at 1000 rpm. Subsequently, 100
nm Al (at a constant rate of 1.5 A/s) or bilayer 100 nm Al/20
nm Ca (at a constant rate of 1.5 A/s for Al and 0.2 A/s for Ca)
cathodes were thermally evaporated through a shadow mask
and completed the whole stack of solar cells. Finally, a
postfabrication annealing was performed at 150 °C for 15 min
inside a glovebox (<0.1 ppm O,) under a nitrogen atmosphere
for both cases.

All types of NP dispersions were mixed in the active BHJ
solutions in vol/vol ratios. In particular, reference solutions of
the different types of NPs used (bare, stabilized with TOAB
and with P3HT ligands) were prepared to exhibit identical
optical densities at the characteristic plasmon resonance
wavelength. Subsequently, the active layers were realized by
mixing respective solutions of P3HT and fullerene derivatives at
1:1 ratio and Au NPs in DCB. The corresponding volume
ratios of the P3HT:fullerene and the Au NP solutions ranged
from 3% to 6%. It should be noted here that the excess P3HT
used to terminate the Au:P3HT NPs was taken into account
during the preparation of the respective P3HT:fullerene-
Au:P3HT solutions. Prior to spin-coating onto PEDOT:PSS/
ITO substrates, the mixtures were stirred in a controlled
glovebox environment for 24 h at 55 °C in order to remove the
initial NP solvent from DCB. In all cases, the final active layer
thickness, determined from cross-sectional SEM images (not
shown), is measured to be 165 + 5 nm. Detailed information
on the optimized fabrication and characterization conditions for
the pristine ITO/PEDOT:PSS/P3HT:PCBM/AI can be found
elsewhere."*

The performances of the devices were measured at room
temperature with an Air Mass 1.5 Global (AM 1.5 G) solar
simulator at an intensity of 100 mW/cm? A reference
monocrystalline silicon solar cell from Newport was used to
calibrate the lamp. All measurements were made in air
immediately after device fabrication. The external quantum
efficiency measurements were conducted immediately after
device fabrication without any encapsulation process in ambient
conditions using an integrated system (Enlitech, Taiwan) and a
lock-in amplifier with a current preamplifier under short-circuit
conditions. In all cases, the best devices are attained for an NP/
BHJ blend volume ratio of 5%, and only results from such
optimized devices are demonstrated here.

Hole-only devices with the structure ITO/PEDOT:PSS/
P3HT:PCBM(NPs)/Au were additionally fabricated for all the
different types of devices. The hole mobility was estimated
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from the J—V characteristics in the low-voltage region, where
the current is described by the Mott—Gurney square law:

9 V?
Jscre = g%grﬂhF 1)

where €, is the permittivity of free space, €, is the dielectric
constant of the active layer, 4, is the hole mobility, and L is the
active layer film thickness.

Characterization of the Bulk Heterojunction Blends.
UV—vis absorption spectra were recorded using a PerkinElmer
(Lambda 950) spectrophotometer. The morphology of the
blend surfaces was examined by tapping-mode atomic force
microscopy (Digital Instruments NanoScope IIla). For the PL
measurements the devices were placed into a vacuum chamber
with optical access. For sample excitation a He—Cd CW laser
operating at a wavelength of 325 nm, with 35 mW power, is
used. The PL spectra were measured at room temperature and
resolved by using a UV grating and a sensitive, calibrated liquid
nitrogen cooled CCD camera. For the TRPL measurements,
the samples were excited using a SIS nm picosecond laser
(Light Conversion Pharos system); the dynamic signal was
recorded using time-correlated single-photon-counting spec-
troscopy. The system exhibited a time-resolution of 50 ps after
deconvolution with the spectrometer response function. The
PL decay data were adequately fitted using a double-
exponential function of the form

I(t) = e /™ + Le /™ @)
where I;, are the amplitudes of the decay and 7, are the
corresponding exponential constants. The contribution of each
of the two time constants is quantified by its relative amplitude,
A, ,, expressed as

I,
L +1

A, = X 100%

To obtain a quantitative measure of the charge transfer process,
an effective exciton lifetime is defined in the blends as 7., =
A7, + A,;7,. The resonance Raman spectra of the blends were
recorded using a micro-Raman spectrometer (Nicolet Almega
XR); a 473 nm laser was used as the excitation source. The
structure and crystallinity of the different blends were
determined by grazing incidence X-ray diffraction using a
Rigaku diffractometer with Cu Ka radiation. The incident X-ray
angle was set to 2.5°.

B ASSOCIATED CONTENT
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We show typical TEM images and respective size distributions
of chemically and laser-synthesized nanoparticles, J—V
characteristics of NP-based ITO/PEDOT:PSS/P3HT:PCBM/
Ca/Al devices and of devices incorporating laser-synthesized
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