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The effects of Au nanoparticles (NPs) incorporated into the active layer of polymer solar cells (PSCs)

with a newly synthesized donor polymer are investigated in detail. Our work shows that localized

surface plasmon resonance (LSPR) introduced by the metallic NPs can experimentally and

theoretically enhance the light absorption in the active layer of PSCs because the strong LSPR near field

mainly distributes laterally along the active layer. The understanding can be applied to other metallic

NP incorporated organic solar cells. Meanwhile, our results show that electrical properties can counter-

diminish the optical enhancement from LSPR and thus reduce the overall performance improvement. It

is important that both optical and electrical properties need to be studied and optimized simultaneously

for achieving improved power conversion efficiency. The study contributes to better understanding the

uses of Au NPs for enhancing PSC performances.
1. Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSCs) are one of

the very promising candidates for photovoltaic devices due to the

efficient charge transfer from conjugated polymers to fullerene

derivatives.1,2 Compared with inorganic solar cells, however, one

important hindrance for the efficiency improvement of PSCs is

the limited light absorption due to the thin active layer limited by

the short exciton diffusion length and low carrier mobility.3–5

Metallic nanoparticles (NPs) such as Au and Ag NPs and

other metallic nanostructures can be potential candidates for

improving the light absorption due to the localized surface

plasmon resonance (LSPR) which contributes to the significant

enhancement of local electromagnetic fields and thus improves

the optical properties of the nanostructure devices.6–11 In addi-

tion, the incident photons can be scattered over a longer propa-

gation path in the active layer by metallic nanostructures.6,12

These features can potentially benefit the light absorption and

photocurrent generation of PSCs.

The incorporation of metallic NPs has been explored in PSCs

for improving photovoltaic performances.13–18 However, the

contributions of metallic NPs for improving PSC performances
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are still not conclusive. For instance, the enhancement of PSC

photocurrent by incorporating metallic NPs has been demon-

strated experimentally. The enhancement is commonly ascribed

to LSPR excitation by using the improvement of incident

photon-to-electron conversion efficiency (IPCE).8,14,15 However,

limitations exist in using IPCE as the evidence for the LSPR

effect because, apart from optical properties, IPCE is also highly

affected by electrical properties such as exciton dissociation, hole

and electron transport and collection at their respective

electrodes.

In addition, many studies have used the metallic NPs as an

interfacial layer on indium tin oxide (ITO)-coated glass

substrates or a dopant of buffer layers such as poly(3,4-ethyl-

enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS).8,13–16

PSCs with the incorporation of metallic NPs into the active layer,

however, have received limited investigation.17–19 Therefore, the

study for further understanding both optical and electrical

properties is highly desirable for PSCs with metallic NPs incor-

porated into the active layer.

In this work, we will demonstrate the impact of the incorpo-

ration ofmonofunctional poly(ethylene glycol) (PEG)-cappedAu

NPs into the active layer of the polymer blend. A newly synthe-

sized polymer poly[2,7-(9,9-dioctylfluorene)-alt-2-((4-(dipheny-

lamino) phenyl)thiophen-2-yl)malononitrile] (PFSDCN) is used

as the donor of the active layer. The improvements of open-circuit

voltage (VOC), short-circuit current (JSC) and fill factor (FF) are

all obtained with an appropriate amount of AuNPs incorporated

into the active layer. As a result, after optimization, the

improvement of power conversion efficiency (PCE) by�32% can

be achieved. In order to understand the improvement, we will
This journal is ª The Royal Society of Chemistry 2012
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experimentally and theoretically investigate the effects of LSPR

introduced by Au NPs on the optical properties of PSCs,

particularly the PSC active layer.We will also experimentally and

theoretically study the effects of Au NPs on PSC electrical

properties. The study therefore contributes to better under-

standing the uses of Au NPs for enhancing PSC performances.
2. Experimental

2.1 Syntheses of Au NPs and PFSDCN

The syntheses of Au NPs followed the sodium citrate reduction

method.20 After that, 10 mg O-[2-(3-mercaptopropionylamino)

ethyl]-O0-methylpolyethylene glycol (monofunctional PEG, Mw

5000, Sigma-Aldrich) was dissolved in 1 ml de-ionized water, and

then the solution was stirred in a rotary evaporator to make it

uniform. 0.5 ml Au NPs was added into the solution and then

heated at 70 �C for 15 minutes to evaporate the water. Then

0.5 ml chloroform/chlorobenzene (1 : 1, v/v) was added to form

well dispersed Au NPs solution. PFSDCN was synthesized via

a post-functionalized approach by treating its aldehyde-con-

taining precursor polymer, which is prepared by common Suzuki

coupling conditions, with malononitrile via Knoevenagel reac-

tion under the presence of pyridine. The procedures were similar

to what we reported previously,21 and the detailed information

about the synthesis will be reported elsewhere.
2.2 Device fabrication

The fabrication process of PEDOT:PSS (Baytron AI 4083) onto

ITO-coated glass substrates can be found elsewhere.22 Before

spin-coating the active layer, polymer blend and Au NPs were

mixed in the optimized solvent mixture of chloroform/chloro-

benzene (1 : 1, v/v ratio) to form uniform solution. The final

solution consisted of PFSDCN (2 mg ml�1) and [6,6]-phenyl-C61

butyric acid methyl ester (PCBM, 8 mg ml�1, from Nichem Fine

Technology Ltd.) and AuNPs with different weight ratios (wt%).

The wt% of Au NPs is determined only by considering the weight

of PFSDCN. The solution of the polymer blend without Au NPs

was also prepared as the control. For the optimized control

devices, the mixed solution was spin-coated at 750 rpm for 40

seconds to obtain an active layer with the thickness of�65 nm as

determined by a stylus profiler. The film was then thermally

annealed at 100 �C for 10 minutes. Finally, LiF (1 nm)/Al

(100 nm) was thermally evaporated as the cathode with a device

area of 5.77 mm2 defined by a shadow mask.
Fig. 1 The normalized absorption spectrum and chemical structure of

PFSDCN.
2.3 Device characterization

Transmission Electron Microscope (TEM) images of Au NPs

were measured using a Philips Tecnai G2 20 S-TWIN. The cross-

sectional images of the PSCs were taken by a Hitachi S-4800 field

emission scanning electron microscope (SEM). The absolute

refractive index and absorption coefficient were measured by

Woollam spectroscopic ellipsometry. The current density–

voltage (J–V) measurement can be found elsewhere.22 The IPCE

measurement was performed by a system combining a xenon

lamp, a monochromator, a chopper and a lock-in amplifier

together with a calibrated silicon photodetector. Atomic force
This journal is ª The Royal Society of Chemistry 2012
microscope (AFM) characterization was conducted by using

a Nanoscope III (Digital Instrument) in the tapping mode.

2.4 Theoretical modelling

In order to investigate the effects of Au NPs on the light

absorption at the active layer of PSCs, the light absorption of the

active layer, which determines the exciton generation rate, has

been theoretically determined. As a rigorous, fast and efficient

solver of Maxwell’s equation, volume integral equation-fast

Fourier transform (VIE-FFT) has been built in this work. The

algorithm is particularly capable of modelling thin-film solar

cells incorporating plasmonic NPs of size ranging from 10 nm to

100 nm. The plasmon coupling and hybridization of NPs, as well

as their interplay with the PSC device structure, have been fully

taken into account. We have also theoretically studied the elec-

trical properties of PSCs by solving the organic semiconductor

equations involving Poisson, drift-diffusion, and continuity

equations.23,24 Details of the optical and electrical models are

described in ESI B and C† respectively.

3. Results and discussion

3.1 Overall experimental results

The absorption spectrum of PFSDCN film is shown in Fig. 1 and

has two absorption peaks at around 374 nm and 518 nm. The

chemical structure of PFSDCN is shown in the inset of Fig. 1.

The optical bandgap and oxidation potential of PFSDCN are

2.05 eV and 0.91 V, respectively. The highest occupied molecular

orbital (HOMO) is �5.32 eV as measured by the cyclic voltam-

metry (CV) method and the lowest unoccupied molecular orbital

(LUMO) is �3.27 eV calculated from the HOMO level and

optical bandgap. The absorption spectrum of Au NPs in chlo-

roform/chlorobenzene (1 : 1, v/v ratio) is shown in Fig. 2 with the

peak at �520 nm. The average diameter of Au NPs is �18 nm

determined from TEM measurement (inset of Fig. 2). The

current density (J) versus voltage (V) characteristics are shown in

Fig. 3a. The effects of Au NPs concentration on PSC perfor-

mances including VOC, JSC, FF and PCE are shown in Fig. 3b(i)–

(iv) respectively. It should be noted that the fabrication condi-

tions such as the ratio of PFSDCN to PCBM, spin-coating speed

and time, annealing temperature and duration have been opti-

mized for the control devices before the addition of Au NPs.

It is observed that AuNPs with a low concentration of 0.5 wt%

improve VOC and JSC. However, both VOC and JSC reduce when
J. Mater. Chem., 2012, 22, 1206–1211 | 1207
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Fig. 2 The absorption spectrum of Au NPs in chloroform/chloroben-

zene (1 : 1 volume ratio) with the peak at �520 nm. The inset is the TEM

image of Au NPs. The white colour bar is 20 nm long.

Fig. 3 (a) The current–voltage characteristics of the representative PSCs

incorporated with different NP concentrations under AM 1.5G illumi-

nation at 100 mW cm�2. (b) Electrical parameters of NP incorporated

PSCs: (i) VOC; (ii) JSC; (iii) FF and (iv) PCE.

Fig. 4 (a) Experimental and theoretical (inset) absorbance enhancement

factor of the active layer with different amounts of Au NPs. (b) Theo-

retical near field distribution around an Au NP in the active layer.
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Au NPs concentration increases further. FF increases slightly

and then decreases as Au NPs concentration increases. From the

dark J–V characteristics (ESI A: Fig. SA1†), the electrical

conductivity improves by adding Au NPs, which is in agreement

with others reports.17 The difference here is that the electrical

conductivity reduces with the further increase of Au NPs

concentration >2 wt%. Consequently, PCE is improved by�32%

from 1.64% (without Au NPs) to 2.17% (with 0.5 wt% Au NPs),

and then decreases. When Au NPs concentration reaches 6 wt%,

almost no photovoltaic effect is observed (PCE z 0.01%).

It should be noted that in the study, Au NPs have been capped

with PEG. In order to investigate the effects of PEG on device

performances, the PEG-only PSCs were fabricated in which only

PEG was incorporated into the polymer blend. PEG
1208 | J. Mater. Chem., 2012, 22, 1206–1211
concentration in the mixed solution is �0.08 mg ml which

equals that of the PEG in 0.5 wt% Au NPs mixed with polymer

blend solution. As shown in ESI A (Fig. SA2†), the PEG-only

PSC shows similar J–V characteristics and PCE (�1.67%) to that

of the device without PEG incorporation (PCE z 1.64%).

Therefore, PEG itself is not likely to have pronounced effects on

device performances.
3.2 LSPR effects

To verify the degree of contributions of the LSPR effect, we

measure the absorption spectrum of the active layer incorporated

with various Au NP concentrations. Meanwhile, to understand

the physics, we build a model to rigorously solve Maxwell’s

equations and study the absorption of PSCs as shown in Fig. 4.

The theoretical near-field profile of electric field (Fig. 4b) shows

very strong field strength laterally distributed along the active

layer which can enhance the light absorption by the polymer

blend for generating carriers. It is noteworthy that when Au NPs

are incorporated into the PEDOT:PSS layer (i.e. the layer adja-

cent to the active layer), the light absorption in the active layer is

not clearly enhanced due to the lateral distribution feature of the

strong LSPR near field along the PEDOT:PSS layer rather than

a vertical distribution into the active layer as described in our

other work.25

The theoretical and experimental absorption enhancements of

the active layer (PFSDCN:PCBM) indicate that LSPR for the

case of low Au NPs concentration mixed active layer exists at

around 650 nmwhich is different from that of AuNPs (�520 nm)

in chloroform/chlorobenzene (1 : 1, v/v ratio) due to the change of

the surrounding optical environment. Moreover, when the

spacing between Au NPs reduces (i.e. higher Au NPs concentra-

tion), the theoretical and experimental results show that the

resonance strength increases and slightly red shifts. Consequently,

the theoretical results are in agreement with our experimental

results. Our results demonstrate and explain the features of LSPR

excited by Au NPs incorporated into the PSCs active layer.

The light absorption can be enhanced experimentally by over

100% at the resonance region when Au NPs concentration

increases to 6 wt% as shown in Fig. 4a. However, the effects of

LSPR alone cannot completely interpret the overall observed

phenomena of PSCs. For example, low Au NPs concentration

can benefit PSC performances. Continuously enhanced light

absorption is obtained with the increase of Au NPs
This journal is ª The Royal Society of Chemistry 2012
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concentration due to the stronger LSPR. However, when Au

NPs concentration > 0.5 wt%, deterioration of device perfor-

mances is obtained, which is quite unexpected in the viewpoint of

LSPR effects. This can be further illustrated from IPCE char-

acteristics as shown in Fig. 5. When the Au NPs concentration

reaches 6 wt%, a large absorption enhancement factor is

obtained (Fig. 4a), but IPCE decreases to almost zero. Therefore,

besides LSPR effects, the effects of Au NPs on PSC electrical

properties need to be investigated for understanding the results.
Fig. 6 Effects of Au NP concentration on the hole and electron

mobilities in the active layer.

3.3 Effects on carrier mobility

Generally, electron and hole mobilities are important factors and

should be high enough to guarantee a large carrier hopping rate,

to avoid carrier recombination and to prevent the build up of

space charge.26,27 For Au NP incorporated PSCs, we make hole-

only and electron-only devices for determining the hole and

electron mobility, respectively, by fitting from the dark J–V

curves using the space-charge limited current (SCLC) model.28

Hole-only devices have structures of the ITO/PEDOT:PSS/

polymer blend: Au NPs/Au (20 nm)/Al (80 nm). It has been

reported that the work function of ITO can be effectively

modified for electron collection in inverted PSCs by evaporating

1 nm of Ca.29,30 For our electron-only devices, we adopt this

method and use the structure of ITO/Ca (2 nm)/polymer blend:

Au NPs/LiF (1 nm)/Al (100 nm). The mobility of holes and

electrons is shown in Fig. 6 and the detailed experimental data

and fitting curves are discussed in ESI A (Fig. SA4†). The hole

mobility (1.18–4.25 � 10�4 cm2 V�1 s�1) is about one order less

than electron mobility (0.78–1.2 � 10�3 cm2 V�1 s�1) except for

that of PSC with 6 wt% Au NPs (Fig. 6). In addition, the trend of

PSC electrical conductivity versusAu NPs concentration (ESI A:

Fig. SA1†) is consistent with that of hole mobility. Hence, the

charge transport of our devices is dominantly limited by the hole

transport property, which agrees well with the fact that the

transport process in the organic materials is dominated by the

slow charge carriers.23

The effects of Au NPs on the carrier mobility are manifold. On

one hand, AuNPs can introduce dopant states within the bandgap

of polymer which can provide hopping sites for holes and thus

enhance the mobility.17 In fact, the metallic NP-induced energy

levels for holes have also been reported previously in a hybrid Ag

NPs/organic resonant tunnelling diode.31 On the other hand, the

incorporatedAuNPswill modify the nanoscalemorphology of the

polymer/fullerene blend, especially with high NPs concentration,
Fig. 5 IPCE of PSCs incorporated with different concentrations of Au

NPs.

This journal is ª The Royal Society of Chemistry 2012
which can be evidenced by the AFM image as shown in Fig. 7. The

root mean square (RMS) roughness of the active layer increases

significantly from�0.617 nm (withoutAuNPs) to�8.062 nm (6wt

% Au NPs) and an obvious different surface morphology is

observed. In addition, the phase image shows a much larger

contrast for the active layer film with 6 wt% Au NPs, indicating

a nanoscale morphology change of the blends.32,33 Such a NP-

induced nanoscale morphology change may not favor charge

transport and thus degrades the carrier mobility. The two factors

will therefore compete with each other in our devices.

At low Au NPs concentration, the blend morphology does not

have clear changes from our AFM results (i.e. RMS only

increases to �1.204 nm for 1 wt% Au NP incorporation; figure is

not shown here) and therefore only plays a less important role in

modifying carrier mobility. As a result, with low Au NPs

concentration, the increases of carrier mobility should be

explained by the introduction of hopping sites for holes. These

hopping sites are expected to have greater influence on hole

mobility than electron mobility, which agrees well with the

experimental results. Compared with the control devices

(without AuNPs), incorporation with 2 wt% AuNPs contributes

to an improvement of hole mobility by �237% (from 1.26 � 10�4

cm2 V�1 s�1 to 4.25 � 10�4 cm2 V�1 s�1), and an improvement of

electron mobility only by �28% (from 0.93 � 10�3 cm2 V�1 s�1 to

1.2 � 10�3 cm2 V�1 s�1). With high Au NPs concentration, the

NP-induced morphology change dominates the charge transport

process and thus both the hole and electron mobility are expected

to be degraded, which is consistent with the experimental results

as shown in Fig. 6.

Therefore, the enhanced carrier mobilities with the proper

amount of Au NPs can partly account for the improved photo-

current generation and FF due to the improved carrier collection

and the reduced bulk resistance. It is noted that the device

performances, i.e. JSC and PCE begin to decrease when Au NPs

concentration $1 wt% although the carrier mobility keeps on

maintaining increment until the Au NPs concentration reaching

2 wt%. This indicates that besides the carrier mobility, Au NPs

should affect other operation processes of PSCs. One process

likely to be affected is the dissociation of excitons to free carriers

as described below.
3.4 Effects on exciton dissociation

To investigate the efficiency of exciton dissociation, photocur-

rent (Jph) as a function of effective voltage (VEFF) is measured
J. Mater. Chem., 2012, 22, 1206–1211 | 1209
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34

Fig. 7 AFM images of the active layer: (a) height image, RMS¼ 0.617 nm and (b) phase image of the active layer film without AuNPs; (c) height image,

RMS ¼ 8.062 nm and (d) phase image of the active layer film with Au NPs: 6 wt%.
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and fitted following Mihailetchi et al. The Jph z VEFF features

and the corresponding fitting curves are shown in ESI A:

Fig. SA5†. The maximal generation rate of excitons (Gmax) for all

the samples is obtained to be on the order of 5� 1027 m�3 s�1. The

exciton decay rate (kF) and exciton dissociation probability (Pexc)

under short-circuit condition are shown in Fig. 8. It can be

observed that AuNPs indeed affect the exciton dissociation. Low

Au NPs concentration makes kF reduce and Pexc increase slightly

from �76% to �80%. While Au NPs concentration further

increases, Pexc reduces.

The slight enhancement of Pexc at low Au NPs concentration

can be attributed to the excitation of LSPR14 and the enhanced

hole mobility which reduces the carrier back-transfer induced

recombination.23,26 The degradation of exciton dissociation effi-

ciency at high NPs concentration can be attributed to the

morphology change of the active layer and the reduced VOC. As

indicated from the surface image of the active layer in Fig. 7, the

nanoscale morphology change inside the active layer is signifi-

cant especially at high NPs concentration. Such a NP-induced

morphology change may make the polymer blend less favourable
Fig. 8 Effects of Au NP concentration on the decay rate of bound

electron–hole pair (kF) (square) and exciton dissociation probability

(Pexc) under short circuit condition (circle).

1210 | J. Mater. Chem., 2012, 22, 1206–1211
for exciton dissociation. On the other hand, the reduction of VOC

means a decrease of built-in electric field in the active layer, which

will make the exciton dissociation process less efficient since the

exciton dissociation is very field-dependent.5
3.5 VOC

As Au NPs concentration increases, VOC first increases from

�0.90 V (without Au NPs) to �1.01 V (Au NPs: 0.5 wt%) and

then decreases. When Au NPs concentration increases to 6 wt%,

VOC reduces significantly to 0.44 V. In BHJ PSCs, charge

recombination is commonly regarded as one important loss

mechanism limiting VOC.
35,36 With a proper amount of Au NPs

(#0.5%), the reduced recombination due to the enhanced carrier

mobility and exciton dissociation is expected to improve VOC. To

understand the contribution of recombination reduction to VOC,

a theoretical model is built based on the fundamental equations

describing carrier transports in semiconductors following Koster

et al.23 Details of the model can be found in ESI C†. In modeling,

the device parameters for PSCs with various Au NPs such as

carrier mobilities and kF are obtained from the methods dis-

cussed in Part 3.3 and 3.4 above while other parameters remained

constant. The results show that VOC has almost no change,

suggesting that the reduced recombination due to increased

carrier mobilities does not contribute to the VOC improvement.

An alternative explanation for the VOC improvement with Au

NPs incorporation (#0.5 wt%) is the downward shift of the

donor HOMO level due to the reduced polarization energy.37,38

Downward shift of the donor HOMO level by 0.1 eV is best fitted

as shown in ESI C: Fig. SC1†, for the increase of the measured

VOC by �0.1 V for the 0.5 wt% Au NP case.

The degradation of VOC at high Au NPs concentration is due

to several factors. At high concentration, a large amount of Au

NPs may modify the interfacial charge states at the cathode and
This journal is ª The Royal Society of Chemistry 2012
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even break down the Fermi level pinning between the cathode

metal and the fullerene reduction potential, which can downward

shift the cathode work function and lead to remarkable VOC

reduction. This can be further revealed by the SEM cross-

sectional images of the active layer in Fig. SA6†. With low

concentration of Au NPs (0.5 wt% and 2 wt%), the Au NPs are

mostly located near the bottom of PFSDCN:PCBM (near to the

interface with PEDOT:PSS). When embedding a high concen-

tration of Au NPs (6 wt%, Fig. SA6(c)†), aggregation of NPs is

observed and some are located at the surface of the active layer,

which induces a significant morphology change and VOC reduc-

tion. Our theoretical results show that the change of work

function of the cathode causes the reduction of VOC. When the

cathode work function is downward shifted by 0.56 eV, VOC

reduces to 0.69 V for PSCs with 4 wt% of Au NPs concentration

(Fig. SC1†). The other subordinate factor resulting in VOC

reduction is that more shunt paths are induced by the Au NPs,

which can be well indicated from the increased reverse current for

the PSCs as the concentration of Au NPs increases (see ESI A:

Fig. SA1†). The shunt paths formed directly from anode to

cathode are believed to reduce the VOC.
39,40

4. Conclusions

In this study, the effects of monofunctional PEG-capped Au NPs

(0.5 wt%) on PSCs have been theoretically and experimentally

investigated by introducing the Au NPs into the blend of newly

synthesized polymer of PFSDCN and PCBM. Our results show

that due to the interesting feature of the strong lateral distribu-

tion of LSPR near field along the active layer, light absorption is

enhanced by incorporating Au NPs into the active layer. The

understanding can be applied to other metallic NP incorporated

organic solar cells. Meanwhile, our results show that electrical

properties can counter-diminish the optical enhancement from

LSPR which reduces the overall performance improvement. It is

important that both optical and electrical properties need to be

studied and optimized simultaneously. Our results show that

after optimization, power conversion efficiency can be improved

by �32%. The study contributes to better understanding the uses

of Au NPs for enhancing PSC performances.
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