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Abstract A highly dense and uniform layer of Au

nanoparticles (NPs) on poly(3,4-ethylenedioxythio-

phene):poly(styrenesulfonate) (PEDOT:PSS) film has

been produced by the pulsed laser deposition (PLD)

technique toward the production of an improved

efficiency photovoltaic device. The advantage of

PLD over other techniques is the easy and precise

control of the Au NPs size and spatial distribution,

without needing of further NP surface functionaliza-

tion. The efficiency enhancement factor related to Au

NPs doping has been evaluated in a solar cell based on

poly-(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid

methyl ester (P3HT:PCBM) diffused bilayer. The

short-circuit current density, JSC, increases by 18 %

and the power conversion efficiency by 22 %, respec-

tively, in comparison with an equivalent device without

Au NPs. The optical and morphological properties of

the Au NPs layer have been selected in order to evaluate

the contribution of the surface plasmon resonance as

enhancement factor of the solar cell efficiency, in a

range size where light scattering is negligible.

Keywords Hybrid photovoltaics � Metal

nanoparticles � Surface plasmon resonance �
Pulsed laser deposition � Conjugated polymers �
Solar cells � Energy conversion

Introduction

Devices based on organic photovoltaic (OPV) mate-

rials currently represent one of the most intriguing

alternatives to inorganic solar cells due to the high

versatility of polymers in terms of mechanical prop-

erties, simple processability, and cost effectiveness

(Gunes et al. 2007). Conjugated polymers have

emerged as promising materials, due to their high

absorption coefficients in the visible region, allowing

capture of suitable solar spectrum intensity with

small film thicknesses. Bulk heterojunction (BHJ)
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configuration with a light absorbing polymer (donor)

and a soluble fullerene (acceptor), ensures a better

absorption/charge collection due to the intermixing

between the two components. However, the thickness

of the active layer is often limited by the low charge-

carrier mobility and short exciton diffusion lengths of

most polymers, resulting in the absorption of a small

fraction of the incident sun light (Tromholt et al. 2012).

The inclusion of metal nanoparticles (NPs) has

been proposed as a possible route to improve the light

trapping in the active layer without increasing its

thickness that would inevitably affect the device

resistance (Chen et al. 2009). The underlying mech-

anism is still debated, and it has been often attributed

to the coherent collective oscillation of conduction

electrons surrounding the NPs, i.e., the surface plas-

mon resonance (SPR), responsible for a selective light

extinction as well as an intense optical near field

enhancement at the metal/polymer interface (Wu et al.

2011; Yang et al. 2011). Another explanation ascribes

the higher performance driven by the metal NPs to an

improved exciton dissociation inside the active layer

by reducing the recombination rate (Wu et al. 2011),

and possibly to a better electrical conductivity by

introducing ‘‘dopant’’ levels within the HOMO–

LUMO gap of the electron donor layer (Kim and

Carroll 2005). Finally, metal NPs larger than 20 nm

diameter are believed to act as reflection and scattering

centers of light (Kreibig and Vollmer 1994; Link and

El-Sayed 2003), thus inducing the same effect as the

interface area between the hole transport and the BHJ

active layers would be increased and allowing the

collection of a larger number of holes due to the higher

optical path length (Wang et al. 2011).

A case material for these applications is Au, most

likely because the SPR can be tuned from the visible

(k C 500 nm) to the near IR range by changing the NPs

dimensions, shape, substrate and/or surrounding media

(Link and El-Sayed 2003), while for Ag the SPR lies in

the near UV to visible range and for the rest of metals in

the UV (Kreibig and Vollmer 1994). The control of the

shape, dimensions, and number density of the NPs is

essential to exploit their optical and electrical proper-

ties (Resta et al. 2011; Liz-Marzán 2006). Pulsed laser

deposition (PLD) is well known for its capability of

producing a finely tailorable, highly dense and uniform

layer of metal NPs on a large variety of substrates

(Eason 2007; Resta et al. 2006, 2009), by controlling

the plasma expansion dynamics via the laser

parameters and the chamber configuration (Resta

et al. 2009, 2011; Gonzalo et al. 2007). The nucleation

and growth occur directly onto the surface of the

chosen substrate, then avoiding NPs agglomeration.

Consequently, no NPs functionalization is needed as

for typical chemical based synthesis techniques, in

which the introduction of a capping ligand often

interferes with the optical properties of the NPs (Fung

et al. 2011; Topp et al. 2010). Moreover the NPs

produced by PLD, densely and uniformly cover the

substrate (Resta et al. 2006, 2009), whereas the wet

deposition methods for colloidal NPs often lead to

aggregation and irreproducible coverage (Zhao et al.

2013).

In the present work, we study the effect of the

inclusion of Au NPs produced by PLD in the active

layer of an OPV cell in diffused bilayer geometry,

fabricated by a sequential coating of the donor poly-

(3-hexylthiophene), (P3HT), and the acceptor [6,6]-

phenyl-C61-butyric acid methyl ester, (PCBM), from

orthogonal solvents. In spite of the solvent orthogo-

nality, this solution-based technique does not lead to a

well-defined bilayer with a sharp interface, but it

rather gives rise to a graded BHJ, resulting from the

diffusion of the PCBM in the P3HT layer (Loiudice

et al. 2012a, b). The NPs have been deposited onto the

poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-

nate) (PEDOT:PSS) hole transport layer, coating the

indium tin oxide (ITO) transparent anode. In such a

configuration, the NPs are placed close to the P3HT

absorber layer in order to induce a localized SPR

within the device structure, exploiting the near-field

enhancement, and to minimize the NPs reflection of

the incident light before reaching the active layer. The

small size of the NPs guarantees that the scattering-to-

extinction ratio is well below *10-3 (Niesen et al.

2012), remaining negligible any contribution from

surface roughness and reflection/scattering inside the

electron donor layer (Wang et al. 2011).

Experimental

Synthesis of Au NPs

The Au NPs layer was produced by PLD in vacuum

(5 9 10-6 mbar) at room temperature on the ITO/

PEDOT:PSS and on the carbon-coated grid/PE-

DOT:PSS substrates placed in front of the target.
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The distance from the target was 40 mm, and the

substrates were kept in motion during the deposition,

in order to obtain a homogeneous and uniform

covering by the NPs (Gonzalo et al. 2007). The

deposition was carried out by focusing an ArF laser

beam [k = 193 nm, s = 20 ns full width half maxi-

mum (FWHM)] to a spot of 1.1 ± 0.1 mm2 on a

99.99 % Au target at an angle of 45� with respect to

the target normal. The laser repetition rate was set at

10 Hz, the fluence at the target site was *2.5 J cm-2

and the number of pulses was 300.

Device fabrication

The device architecture of the BHJ solar cell is ITO/

PEDOT:PSS/(Au NPs)/P3HT:PCBM/LiF/Al. The solar

cells were fabricated on ITO-coated glass substrates,

with a sheet resistance of 15 X cm-2. The ITO-coated

glass substrates were sequentially cleaned by ultrason-

ication in deionized water, acetone, and 2-propanol, and

then cleaned for 10 min at 85 �C by using TL-1 solution

cleaner. PEDOT:PSS (Stark, CLEVIOS) was spin-

coated at 4,000 rpm for 60 s to form a film of 40 nm

thickness and dried at 140 �C for 15 min in nitrogen

atmosphere (Loiudice et al. 2012a; Park et al. 2009).

Under the same conditions, PEDOT:PSS were also

deposited on a carbon coated grid, for TEM analyses.

After the deposition of the Au NPs, the P3HT (Rieke

metals,\98 % regioregular) solution in chlorobenzene

(CB) was spin-casted onto the PEDOT:PSS/Au NPs

layer, and was allowed to dry in the glove box for

20 min. Then, the PCBM layer was spin-casted from

dichloromethane. Such a procedure gives rise to a

graded BHJ structure, where the P3HT:PCBM layer has

an overall thickness of 100 nm (Loiudice et al. 2012a,

b). The device fabrication was completed by thermal

evaporation of 0.6 nm LiF and 100 nm Al as the cathode

under vacuum at a base pressure of 1.3 9 10-6 mbar.

For comparison, the device without Au NPs was also

fabricated following the same procedure.

Characterization

The optical characterization of the Au NPs on PE-

DOT:PSS was carried out by a Perkin Elmer Lambda

900 spectrophotometer in the wavelength range

350–850 nm, with a resolution of 2 nm. The optical

extinction spectra of the specimens are determined from

the experimentally measured transmission (T) spectra as

ln (1/T). Morphological and structural characterization

of the Au NPs was performed by Scanning Electron

Microscopy (SEM) and Transmission Electron Micros-

copy (TEM) investigations on the ITO/PEDOT:PSS/Au

and grid/PEDOT:PSS/Au samples, respectively.

A Zeiss NVISION 40 Focussed Ion Beam system

equipped with a high resolution GEMINI electron

column was used for SEM and a Leo 922 instrument

operating at 200 kV accelerating voltage with a point-

to-point resolution of 0.24 nm was used for the TEM

analyses. The J–V characteristics of the device were

measured under AM1.5G 100 mW cm-2 illumination

using a calibrated Spectra Physics Oriel 150 W Solar

Simulator. The photon to current efficiency (IPCE) was

measured by using a 300 W Xe Arc light source coupled

to a monochromator to create the scanning light. A dual-

channel Merlin lock-in amplifier was utilized for the

sensitive optical power and current measurements. The

surface roughness of the P3HT/PCBM layer, in the final

device with and without Au NPs, was analyzed by

means of a Park Systems XE-70 Atomic Force Micro-

scope (AFM).

Results and discussion

NPs characteristics

The extinction spectrum of the Au NPs on PE-

DOT:PSS produced by PLD and measured before the

P3HT:PCBM covering, is shown in Fig. 1. The optical

response is characterized by a broad band related to the
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Fig. 1 Extinction spectrum of the Au NPs on PEDOT:PSS

measured before the deposition of P3HT:PCBM layer
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SPR at 645 nm, with a FWHM of about 250 nm. On

the contrary, the increase of the extinction in the close

UV region is mostly due to interband transitions

(Resta et al. 2006; Balamuruga and Maruyama 2005).

The morphology characterization of the Au NPs on

PEDOT:PSS is reported in Fig. 2, where a

200 9 200 nm2 SEM image of the sample (Fig. 2a)

is shown, demonstrating that the nucleation of the NPs

has been obtained uniformly in the substrate surface,

and that a highly dense coverage has been achieved.

The bright field TEM image of the NPs is in Fig. 2b

and the related electron diffraction pattern, in Fig. 2c,

shows a series of rings typical of polycrystalline

material, whose lattice spacings are compatible with

gold (Villars and Calvert 1997). The corresponding

Miller Indices are also indicated. The presence of two

families of NPs with different diameters is evidenced

by the bimodal size distribution of the histogram in

Fig. 2d, calculated by studying areas of at least

100 9 100 nm2. The smallest NPs have an average

diameter of 1.8 ± 0.4 nm, whereas an average value

of 5.2 ± 2.2 nm was obtained for the largest NPs. The

NPs number density has been estimated to be

1 9 1012 cm-2, taking into account only NPs with

diameter C2 nm, corresponding to a surface filling

factor of 29 %.

Typical bi-modal distribution of small and large NPs

relates to the competition between the implantation and

the nucleation processes of the metal atoms into and at

the surface of the substrate, respectively (Gonzalo et al.

2005). The implanted layer is commonly located at a

depth\2 nm from the substrate surface and character-

ized by a constant gold content normally

B2 9 1015 atoms cm-2, irrespective the total amount

of gold atoms ejected by the target, and is produced

during the growth process in addition to the NPs formed

at the surface. It is worth pointing out that in the size

range \2 nm, no SPR is observed for metal NPs

produced by PLD, most likely due to the reduced

number of electrons contributing to collective oscilla-

tions (Requejo-Isidro et al. 2005). Nevertheless, the

interlayer dipole interaction cannot be excluded as an

enhancement factor of the larger NPs’ near field even in

spectral regions far from the SPR (Kelly et al. 2003),

which is due to dipolar plasmon modes formed on the

NPs surface anyway. However, the spatial extent of
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Fig. 2 a SEM image of the

Au NPs layer on

PEDOT:PSS. b Bright field

TEM image of the Au NPs

on PEDOT:PSS deposited

on a carbon coated grid.

c Relevant diffraction

pattern where the Miller

Indices corresponding to the

diffraction rings are

reported. d Histogram

resulting from the statistical

analysis of the NPs sizes

carried out in areas of at

least 100 9 100 nm2
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such an absorption enhancement has to be considered

not bigger than twice the diameter of the NPs (Niesen

et al. 2012; Rand et al. 2004).

Photovoltaic characteristics

The structure of the hybrid organic–inorganic solar

cell is depicted in the inset of Fig. 3, with the NPs

located close to the absorber, in order to induce a

localized surface plasmon within the device structure,

and to utilize its near-field strength as much as

possible. The current density (J) versus voltage

(V) characteristics of the device ITO/PEDOT:PSS/

(Au NPs)/P3HT:PCBM/LiF/Al is shown in Fig. 3, the

photovoltaic parameters being listed in Table 1. With

the Au NPs between the PEDOT:PSS and the

P3HT:PCBM layers, the opencircuit voltage (VOC)

remains unchanged with respect to the undoped cell,

the fill factor (FF) slightly increases from 47 to 49 %,

and the short-circuit current (JSC) increases signifi-

cantly from 7.57 to 8.96 mA cm-2, resulting in an

enhancement of 18 %. Consequently, the power

conversion efficiency (PCE) improved from 1.98 to

2.41 %, where the 22 % enhancement was mainly

ascribed to the contribution of JSC.

To investigate whether the origin of the JSC

improvement results from the absorption enhancement

or not, the extinction spectrum of a solar cell with and

without Au NPs was measured, as shown in Fig. 4a.

The absorption in the region 350–750 nm is enhanced

by *20 % for the sample with the Au NPs. The

incident to photon current efficiency (IPCE) measure-

ments for both solar cells with and without Au NPs are

reported in Fig. 4b. An increased IPCE is found for the

solar cell with the Au NPs especially in the region

between 350 and 500 nm, and also between 550 and

650 nm, fully recovering the absorption spectrum of

the Au NPs (Fig. 1) in the close UV as well as SPR

band regions. Therefore, it can be safely concluded

that the plasmon induced light absorption plays a

crucial role in IPCE enhancement, as well as in PCE

enhancement, as revealed by the spectral dependent

enhancement observed in Fig. 4b. Moreover the AFM

on the device without and with Au NPs, as reported in

Fig. 4c, d, respectively, shows that no significant

changes in device roughness are induced by the

deposition of the Au NPs. Indeed, values of 3.7 and

4.6 nm root-mean-squared roughness, are found for

the layer without and with, respectively.

As reported elsewhere, the resonance strength

increases when NPs concentration is increased, even

when scattering effects cannot be neglected (Wang et al.

2012). The increase observed in JSC and PCE when Au

NPs are inserted in the P3HT:PCBM layer, respectively,

by 18 and 22 %, suggests that the influence in the charge

transport has to be taken into account, together with the

excitation of the SPR. Such an intermediate interpreta-

tion between all-optical and all-carrier mobility effects

can be justified by considering that our NPs layer is

formed by highly dense but small NPs, that can improve

carrier mobility without drastically modifying the

morphology of the polymer:fullerene blend. The high

concentration of small NPs can increase the degree of

exciton dissociation, as reported by Wu et al. (2011),

where, however, the effects related to the far-field

scattering are not negligible, compared to the absorption

due to larger NPs size, namely *45 nm. In the present

case, the surface roughness between PEDOT:PSS and

P3HT:PCBM layers is not modified by the NPs, as also

indirectly confirmed by noting that the value of FF is not

significantly changed with respect to the full OPV

device. In facts, it has been reported that a rough

P3HT:PCBM surface allows the formation of defect

Fig. 3 Comparison of I–V curves of the solar cells with and

without Au NPs between the PEDOT:PSS and the P3HT:PCBM

layers. The inset shows a sketch of the device configuration

Table 1 Solar cell performance with and without Au NPs

Device VOC (V) JSC (mA cm-2) FF (%) PCE (%)

Without Au 0.55 7.57 47 1.98

With Au 0.55 8.96 49 2.41
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sites improving the exciton dissociation (Fung et al.

2011). However, in the present case no roughness

variations are observed as from the AFM images

(Fig. 4c, d) and no new recombination centers are

introduced, as confirmed by the fact that VOC value is not

modified (Kim and Carroll 2005). Moreover the

improved JSC, associated with slightly increased FF

and unchanged VOC with and without NPs, is usually

attributed to enhanced absorption of the active layer via

strongly enhanced local electromagnetic field in the

vicinity of the NPs, leading to an increase in exciton

generation (Kim and Carroll 2005; Kim et al. 2008). In

addition, accordingly to previous reports (Wu et al.

2011), the moderate increase of the FF in the device with

NPs indicates that the recombination level of geminate

exciton is reduced, leading to enhanced degree of

exciton dissociation. The NPs morphology chosen in the

present case allows to exploit the possible introduction

of dopant states within the bandgap of the polymer to

provide hopping sites for holes, without affecting the

roughness and compromising the charge transport

process (Kim and Carroll 2005).

Conclusions

A hybrid solar cell based on P3HT:PCBM doped with

Au NPs has been produced by depositing the NPs via

PLD on a PEDOT:PSS layer before the coating with

the active layer. The PCE has been improved by 22 %

with respect to the corresponding full OPV device,

mainly due to the increase of 18 % on the JSC and of

4 % on the FF. The PLD technique allowed to produce

a highly dense and uniform layer of small NPs,

avoiding post-nucleation functionalization and/or

thermal annealing procedures. The tailored morphol-

ogy of the NPs ensures that the reflection/scattering

phenomena are negligible, as well as the roughness

introduced at the interface between PEDOT:PSS and

P3HT:PCBM layers. The optical absorption and the

incident to photon current efficiency of the hybrid

device increase with respect the OPV, and fully

recover the intensity and the spectral evolution of the

SPR band related to the Au NPs, thus suggesting that

the higher performance is mostly related to SPR-

induced field enhancement.

Fig. 4 a Extinction and b IPCE measurements on the devices with and without Au NPs. Topography AFM images of device without

(c) and with (d) Au NPs showing
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