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Abstract

We have investigated the effect of silver nanoparticles (AgPs) on the photocurrent
generation of a polyphiophene-fullerene photovoltaic film. Poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-Cg;-butyric acid methylester (PCBM) were used for the
electron donor and acceptor, respectively. First, AgPs were electrostatically deposited
upon the surface of an indium tin oxide (ITO) electrode via a polycation. Then, a film of
P3HT or a mixture of P3HT and PCBM was prepared by spin coating. The thickness of
the film was evaluated by atomic force microscopy. Absorption and fluorescence
spectral measurements were carried out to investigate the effects of AgPs. Photocurrent
spectra were also measured, and the effects of AgPs on photocurrent enhancement were

verified.



1. Introduction

Solar energy conversion is one of the promising approaches for creating clean energy
systems. Recently, organic thin-film solar cells have attracted much attention form
scientific and technical viewpoints toward the development of the next generation of
solar cells.™ In particular, a polythiophene-fullerene thin film is used in bulk
heterojunction solar cells as the photovoltaic layer. Poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-Cs;-butyric acid methylester (PCBM), derivatives of polythiophene and
fullerene, respectively (Fig. 1), are currently used to fabricate thin films in order to
increase their solubility.*™
The process of photoelectric conversion in P3HT-PCBM film is as follows: the film
absorbs incident photons and produces electron-hole pairs (excitons); then the pairs
separate and charges are collected at electrodes. Compared with inorganic
semiconductors, the charge mobilities of organic materials are much lower. In order to
improve the charge mobility, organic films must be fabricated as thin as possible with
sufficient photoabsorption.?
When a nanosize metal particle is activated by light, the collective oscillation of

conduction electrons occurs on the particle surface, which is called localized surface

plasmon resonance (LSPR).? It exhibits unique phenomena such as intense absorption

at a wavelength resonant with the electronic transition of molecules in the UV-vis region.

LSPR is also used to enhance the absorption of silicon solar cells.***® Moreover, the
enhanced electric field adhering to the surface region of particles can be applied to
enhance fluorescence intensity.***® In dye-sensitized solar cells (DSSCs), LSPR has
also been used to enhance the extinction of dyes.'”

Recentl, LSPR has been widely used in solid-state photodiodes,'*?*?
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photodetectors,>? solar cells,?®>% and so forth. There are many methods of fabricating
metal nanoparticles on the surface of indium tin oxide (ITO) electrodes, such as vacuum
deposition, lithography, casting from a colloidal solution, electrostatic layer-by-layer
adsorption, and so forth,22> 2 2. 31 %) \jacuum deposition and lithography have the
disadvantages of sophisticated instrumentation, high cost, and difficulty in controlling
the density and the size of nanoparticles.

In the present study, we used a simple method of immobilizing silver nanoparticles
(AgPs) as reported before® *? to fabricate a AgPs layer on the surface of ITO glass. The
density of AgPs on the ITO surface was controlled by varying the immersion time. Then,
P3HT-PCBM thin films on the surface of the AgPs layer were fabricated by spin-coating.
We investigated the influence of the AgPs layer on the photocurrent and fluorescence of
a P3HT layer with and without PCBM. Furthermore, we measured the size and surface

morphology of AgPs layer by atomic force microscopy (AFM).

2. Experimental Procedure

All chemicals were commercially obtained and used as received. Silver nanoparticles
were prepared as described previously®?. The fabrication procedures of four types of
film samples are illustrated in Fig. 2. The surface of the ITO electrode was cleaned by
ultrasonication in ethanol and acetone, and then exposed to ozone for 30 min. Then, the
ITO electrode was immersed into a solution of poly(ethylene imine) (PEI; 45g/Lin1 M
aq. NaCl) for 30 min at 30 °C, followed by washing with water and drying by nitrogen
flow, giving a PEI-modified ITO electrode. The deposition of PEI was important to
avoid the peeling off AgPs from the electrode surface. Next, the ITO electrode was

immersed into an aqueous solution of AgPs for 10 h at 30 ‘C, followed by washing with
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water and drying by nitrogen flow, resulting in the formation of a AgP layer on the ITO
electrode, denoted as ITO/AgP.)? Finally, a chlorobenzene solution of RR-P3HT (0.2
mg/mL) or of P3HT:PCBM (0.2 mg/mL each) was spin-coated on the surface of
ITO/AgP, giving sample films of ITO/AgP/P3HT or ITO/AgP/P3HT:PCBM,
respectively. As reference films, we fabricated ITO/P3HT and ITO/P3HT:PCBM by
spin-coating the corresponding solution onto the ITO electrode.

Transmission absorption and fluorescence spectra were measured on JASCO V-670
and JASCO FP-6600 spectrophotometers, respectively. Photocurrent measurements
were carried out using a standard three-electrode photoelectrochemical cell, where the
film samples, Ag wire, and Ag/AgCI (saturated KCI solution) were used as working,
counter, and reference electrodes, respectively. In the photocurrent measurements, an
aqueous solution of 0.1 M NaClO,4 was used as the electrolyte solution. The excitation
light from a Xe lamp propagated through a monochromator and irradiated the sample
films. The photocurrent was measured by changing the excitation wavelength at the
applied potential of 0 V vs Ag/AgCl (saturated KCI solution). In all samples, the

photocurrent was observed in the cathodic direction.

3. Results and Discussion

In order to characterize the sample films, we carried out some spectroscopic
measurements. Figure 3 shows transmission absorption spectra of ITO/AgP/P3HT,
ITO/AgP/P3HT:PCBM, ITO/P3HT, and ITO/P3HT:PCBM. In ITO/AgP/P3HT and
ITO/AgP/P3HT:PCBM films, broad bands around 420 nm based on the plasmon bands

of AgPs can be seen with comparable intensities. Broad bands around 600-800 nm are
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mainly due to the unavoidable interference effects of the incident light owing to the
presence of AgPs. The broadening and redshift of the plasmon resonance by
interparticle plasmon coupling among the AgPs must also be taken into consideration to
some extent, 339

As has been reported previously, P3HT has strong absorption in the 450-650 nm

34 while the absorption bands of PCBM appearing in the visible region®=" are

region,
small compared with the plasmon bands and absorption bands of P3HT. Thus, the bands
of PCBM could not be identified in this study. The broad band in the 400-600 nm region
for ITO/P3HT and ITO/P3HT:PCBM is clearly due to the absorption of P3HT. However,
this band is not clear in ITO/AgP/P3HT or ITO/AgP/P3HT:PCBM. There seem to be
two plausible reasons for this: one is the overlapping with the strong plasmon band of
AgPs, and the other is the reduced thickness of films in the presence of AgPs (vide
infra).

In order to clarify the morphology of the as-prepared films, AFM measurements
were carried out. Figure 4 shows AFM images of AgPs deposited on the surface of ITO
(ITO/AgP/P3HT and ITO/AgP/P3HT:PCBM). It is clear that ITO/AgP/P3HT and
ITO/AgP/P3HT:PCBM have considerable amounts of AgPs with some aggregation. The
thicknesses of P3HT or P3HT:PCBM for the sample films (see supporting information)
were estimated to be 15+5 nm for |ITO/AgP/P3HT, 21+3 nm for
ITO/AgP/P3HT:PCBM, 25+5 nm for |ITO/P3HT, and 33+6 nm for
ITO/P3HT:PCBM. Consequently, the thicknesses of the P3HT layers are clearly
different with and without AgPs. This must be caused by the change in the spreading

property of the sample solution in the presence of AgPs on the ITO surface. From Fig. 4,

we also estimated the mean size of AgPs, which was evaluated to be 71 nm (for
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ITO/AgP/P3HT and ITO/AgP/P3HT), and the coverages of AgPs on the ITO surfaces
were estimated to be 86 and 76%, respectively.

Figure 5 shows fluorescence spectra of ITO/AgP/P3HT, ITO/AgP/P3HT:PCBM,
ITO/P3HT, and ITO/P3HT:PCBM, based on the fluorescence from the excited P3HT
(excitation wavelength: 530 nm). In order to investigate the effect of PCBM, the
fluorescence of ITO/AgP/P3HT and ITO/AgP/P3HT:PCBM and that of ITO/P3HT and
ITO/P3HT:PCBM were compared. Clearly, the fluorescence was considerably reduced
in the presence of PCBM, regardless of the presence or absence of AgPs. The effect of
AgPs was investigated by comparing the fluorescence of ITO/AgP/P3HT and
ITO/P3HT and that of ITO/AgP/P3HT:PCBM and ITO/P3HT:PCBM. It is clear that the
presence of AgPs enhanced the fluorescence, even when taking into consideration the
large difference in the thickness of organic layers. This means that efficient
electron-transfer quenching from the excited P3HT to PCBM is realized in
ITO/AgP/P3HT:PCBM and ITO/P3HT:PCBM. Thus, the enhancement of molecular
excitation by the plasmon electric field as well as the scattering light is strongly
indicated to occur in ITO/AgP/P3HT and ITO/AgP/P3HT:PCBM, as in the case of a
porphyrin-AgP system.*?

As has been reported previously,®” the photocurrent signal from the P3HT thin film
increased smoothly with increasing thickness of the P3HT layer up to about 100 nm.
The incident photon to current conversion efficiency (IPCE) values for P3HT and
P3HT:PCBM films became considerably larger upon the addition of AgPs (compare
ITO/AgP/P3HT vs ITO/P3HT, and ITO/AgP/P3HT:PCBM vs ITO/P3HT:PCBM), in
spite of the thicknesses of the films being roughly half those of the films without AgPs.

Thus, the effect of AgPs on photocurrent enhancement was verified even for P3HT and
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P3HT:PCBM films.

Figure 6 shows IPCE profiles of the four sample films. Another noteworthy result is
that in the presence of AgPs, the IPCE value increased rapidly at wavelengths of less
than ~600 nm, where the plasmon band of AgPs appeared. All of these results are
reasonably consistent with each other; thus, we can conclude that AgPs are effective for

the enhancement of photocurrent generation in both P3HT and P3HT:PCBM systems.

4. Conclusions

We have verified that AgPs can serve as a nanomaterial for the enhancement of
photocurrent signals in organic photovoltaic systems. There appear to be two factors
causing the enhanced photocurrent: the enhancement of excited states by the plasmon
electric field and light scattering. Also, the bottom-up fabrication and incorporation of
AgPs by a wet process offer a significant improvement in the simple and large-scale

fabrication of organic solar cells. Further work form this viewpoint is in progress.
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Figure Captions

Fig. 1 Molecular structures of P3HT and PCBM.

Fig. 2 Schematic illustration of the fabrication of P3HT and P3HT:PCBM films with or
without AgPs: (a) ITO/AgP/P3HT; (b) ITO/AgP/P3HT:PCBM:; (c) ITO/P3HT:; (d)

ITO/P3HT:PCBM.

Fig. 3 Transmission absorption spectra of (a) ITO/AgP/P3HT; (b)

ITO/AgP/P3HT:PCBM:; (c) ITO/P3HT; (d) ITO/P3HT:PCBM.

Fig. 4 AFM images of ITO/AgP of ITO/AgP/P3HT (a) and ITO/AgP/P3HT:PCBM (b)

before spin coating.

Fig. 5 Emission spectra of (a) ITO/AgP/P3HT; (b) ITO/AgP/P3HT:PCBM; (c)

ITO/P3HT; (d) ITO/P3HT:PCBM.

Fig. 6 Incident photon-to-current conversion efficiencies (IPCE%) spectra of (a)
ITO/AgP/P3HT; (b) ITO/AgP/P3HT:PCBM,; (c) ITO/P3HT; (d)

ITO/P3HT:PCBM.
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Supporting Information
We have just removed the film region of each sample, than the height data were

acquired.
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Thicknesses of films are listed in following table:
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Table 1. Thickness of P3HT or P3HT:PCBM layer.

ITO/AgP/P3HT  ITO/AgP/P3HT:PCBM  ITO/P3HT ITO/P3HT:PCBM

Thickness /nm 15+5 21+3 25+5 33+6




