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Abstract The incorporation of plasmonic nanoparticles (NPs) into different layers
of organic solar cells (OSCs) is studied in this chapter. First, we incorporate NPs
into the hole collection layer of OSCs. The resulting improvements in Power
Conversion Efficiency (PCE) are found to originate mainly from improvement in
hole collection efficiency, while Localized Surface Plasmon Resonance (LSPR)
effects are found to have negligible effect on active layer absorption. Next, we
incorporate NPs into the active layer of OSCs. In this case, the absorption of the
active layer improves, but we also showed that consideration of electrical prop-
erties including carrier mobility, exciton dissociation efficiency, and active layer
morphology is required to account for the PCE trend. In both studies, we theo-
retically show that the very strong near field of NPs is found to distribute laterally
along the layer in which the NPs are incorporated in, and hence leading to active
layer absorption improvements only when NPs are incorporated into the active
layer. Lastly, we incorporated NPs into both active layer and hole collection layer
in which the accumulated effects of NPs in the different layers achieved *22 %
improvement in PCE as compared to the optimized control OSCs using poly
(3-hexylthiophene): phenyl-C61-butyric acid methyl ester (P3HT:PCBM) as the
active layer.
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8.1 Introduction

Plasmonics has been proposed for various interesting applications including bio-
sensing [1], waveguides [2], optical cloaking [3], and quantum computing [4].
Recently, the ability of plasmonic structures to greatly enhance electric fields has
attracted attention in the field of organic solar cells (OSCs), in which material
absorption is a crucial factor that has to be improved.

Incorporation of plasmonic structures on solar cells could potentially improve
its efficiency through three possible optical effects [5]. First, metallic nanoparticles
(NPs) can scatter the incident light into waveguide modes in the active layer of the
solar cell, increasing the optical path distance and improving absorption. Second,
by utilizing the Localized Surface Plasmon Resonance (LSPR) effect, the NPs can
be mixed into the OSC during fabrication and act as antennas, creating a very
strong near field around the NPs and enhancing absorption of the active layer.
Third, using a nanostructured metallic electrode such as a grating, surface plasmon
resonance (SPR) can be excited and increase the field near the dielectric/metal
interface, thus improving absorption in the solar cell.

There has been great interest in the applications of plasmonic structures on OSCs
to improve power conversion efficiency (PCE) in recent years. By conveniently
mixing NPs into the hole collection layer of OSCs, reports have claimed that LSPR
effects improved the absorption hence the efficiency of OSCs. [6–9] On the other
hand, Heeger et al. have incorporated Au NPs into the active layer of solar cells and
showed the wide-band improvement of absorption in poly(3-hexylthiophene):
phenyl-C61-butyric acid methyl ester (P3HT:PCBM) is due to scattering of NPs
instead of LSPR effects [10]. Ag NPs and nanowires were also demonstrated to
improve absorption and PCE by addition into the active layer [11, 12]. Evaporation
of a very thin layer of Au or Ag forms small clusters of metals which also exhibit
LSPR effects and are used in solar cells [8]. On the other hand, various other
nanostructures have also been used to improve absorption and PCE [13, 14].

On the electrical properties of NP-doped solar cells, an early report of NPs
incorporated into solar cells has stated that the increase of solar cell performance
may be due to the introduction of dopant states which increases the electrical
conductivity of the active layer [15]. Incorporation of Ag nanowires into the active
layer of OSCs has been shown to increase both hole and electron mobility, but the
detailed physics was not investigated in depth [11]. There have also been reports
on changes in open circuit voltage (VOC) when NPs are incorporated into OSCs
[10]. On the other hand, Wu et al. have reported an increase in exciton dissociation
probability of OSCs incorporated with NPs and claimed that this increase is due to
interactions between plasmons and photogenerated excitons [7].

In the mentioned reports, PCE improvements in OSCs incorporating NPs have
been well demonstrated but the investigations in device mechanisms have been
lacking in depth. In particular, the actual role of LSPR effects has not been well
clarified and questions could still be raised about whether LSPR is actually
improving device performances. On the other hand, as plasmonic nanostructures
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are commonly incorporated in-side an OSC, their effects on the electrical prop-
erties of OSCs are likely equally important as optical properties. Previous reports
have studied optical effects of the NPs, while the impact of NPs on the electrical
properties of OSCs is still unclear. The understanding on the electrical properties
of OSCs is important for optimizing the plasmonic OSCs and open new applica-
tions of plasmonic nanostructures.

In this chapter, detailed studies in the device mechanisms of OSCs will be
described when NPs are incorporated into various positions through experiment
and theoretical simulations. The objectives are (1) clarify the extent that LSPR
improves absorption in active layer; (2) describe the difference in the role of LSPR
effects when NPs are incorporated into the hole collection layer or active layer; (3)
study the device mechanisms, apart from optical effects, that will be changed when
NPs are incorporated; and (4) describe the large efficiency improvements in OSCs
by incorporation of NPs in all organic layers.

8.2 Electrical and Optical Properties of Organic Solar Cells
with Au Nanoparticles Doped into the PEDOT:PSS Layer

Considering the origin of performance improvement after addition of NPs, the
effects of doping the poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) layer of a OSC with Au NPs have been reported [36]. In the report,
monofunctional poly(ethylene glycol) (PEG)-capped Au NPs with average
diameter of 18 nm are doped into the PEDOT:PSS hole collection layer of an
optimized OSC with P3HT:PCBM as the active layer, leading to *13 % peak
PCE improvement. The effect of PEG capping on Au NPs has also been investi-
gated from a device fabrication perspective. Together with theoretical simulations
which are discussed in Chap. 7 [16], the effects of Au NPs on the optical and
electrical properties of OSCs have been studied. The results show that the com-
petition between improved hole collection at the PEDOT:PSS/active layer inter-
face and reduced exciton quenching, at donor/acceptor junctions, instead of the
LSPR effect, are major contributors to the measured PCE variation.

8.2.1 Performances of the Au NP Devices

The current density (J) versus voltage (V) characteristics of devices with structure
ITO/PEDOT:PSS(with PEG-capped Au NPs)/P3HT:PCBM/LiF(1 nm)/Al(100 nm)
incorporating various Au NP concentrations in PEDOT:PSS layer is shown in
Fig. 8.1 and the device characteristics are summarized in Table 8.1.

It is shown that increasing Au NPs concentration in PEDOT:PSS improves PCE
of our OSCs, peaking at 0.32 wt% with PCE of 3.51 % which corresponds to
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*13 % improvement. Improvements originate from increases in FF and Jsc, from
0.58 to 0.62 and 8.5–8.94 mA/cm2, respectively. Further, increasing the concen-
tration of NPs has detrimental effect on device performances, with PCE dropping
to 2.80 % at 1.92 wt% Au NPs concentration. From the dark J–V characteristics in
the inset of Fig. 8.1, no significant change in leakage current is observed after
incorporation of Au NPs. The underlying physics of the PCE trend can be explored
by studying the optical and electrical properties as described the following
sections.

Fig. 8.1 J–V characteristics of solar cells with structures ITO/PEDOT:PSS (with PEG-capped
Au NPs)/P3HT:PCBM/LiF (1 nm)/Al(100 nm), incorporated with different NP concentrations
under AM 1.5G illumination at 100 mW/cm2. Inset Dark J–V characteristics of the solar cells
[18]

Table 8.1 Device performances for solar cells with structure ITO/PEDOT:PSS(with PEG-
capped Au NPs)/P3HT:PCBM/LiF(1 nm)/Al(100 nm), incorporated with different NP concen-
trations [18]

NP conc. (wt %) Jsc (mA/cm2) VOC (V) FF (%) PCE (%)

0 8.5 ± 0.19 0.62 ± 0.01 58 ± 1.3 3.10 ± 0.10
0.08 8.77 ± 0.23 0.63 ± 0.01 61 ± 1.0 3.40 ± 0.11
0.16 8.93 ± 0.19 0.63 ± 0.01 61 ± 1.1 3.46 ± 0.10
0.32 8.94 ± 0.15 0.63 ± 0.01 62 ± 1.0 3.51 ± 0.09
0.64 8.56 ± 0.11 0.62 ± 0.01 61 ± 1.2 3.21 ± 0.10
1.92 7.36 ± 0.2 0.62 ± 0.01 61 ± 0.5 2.80 ± 0.13

214 D. D. S. Fung and W. C. H. Choy



8.2.2 Au NP Properties and the Effects of PEG

The absorption spectrum of Au NPs without PEG in water is shown in Fig. 8.2.
The absorption peak at *520 nm corresponds to the excitation of LSPR. Coating
PEG onto Au NPs has no discernable effect on the peak position of optical
absorption. The average diameter of Au NPs is approximately 18 nm, based on
TEM measurements, as shown in the inset of Fig. 8.2.

Regarding the effects of Au NPs with or without PEG coating on device per-
formances, for the same concentration (0.32 wt%) of Au NPs, PCE of the device
with Au NP (PEG) improves from 3.1 (control device without Au NPs) to 3.51 %,
while devices with Au NP (no PEG) show no performance improvement for the
same device structure of ITO/PEDOT:PSS:Au NPs/P3HT:PCBM/LiF(1 nm)/
Al(100 nm) was fabricated to investigate the device performance. The origin of
this effect can be further elaborated from SEM images taken on PEDOT:PSS:Au
NP films. As shown in Fig. 8.3a, Au NPs with PEG are well dispersed in a
PEDOT:PSS:Au NP film with no clear aggregation, while Au NPs without PEG
aggregate into clumps of NPs in a film (Fig. 8.3b). This can be explained by the
positive surface charge [17] of the Au NPs generated in the synthesis process [18],
while PSS molecules are anionic in nature [19]. When Au NPs are added to
PEDOT:PSS solution, the adsorption of anionic PSS molecules on positively
charged Au NPs leads to the aggregation of Au NPs. On the other hand, the PEG
capping layer has a shielding effect on Au NPs, leading to reduce interaction of
NPs with the surrounding medium. Meanwhile, PEG itself does not have any effect
other than the prevention of Au NP aggregation [20], this is confirmed from the
devices with and without PEG (2 mg/ml) dissolved into the PEDOT:PSS layer and

Fig. 8.2 Absorption spectrum of Au NPs in water. Inset is the TEM image of the NPs. The
white bar is approximately 20 nm long [18]
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observed no discernible difference in the performance. Therefore, PEG itself does
not exert any significant effects on our device performances. The contribution of
PEG is to prevent formation of aggregation sites and allow the uniform dispersion
of Au NPs. In the following discussion, the effects of PEG capped Au NPs on
OSCs will be described.

The positioning of Au NPs along with the vertical profile of the PEDOT:PSS
film is shown in Fig. 8.3c. It can be seen that the majority of the bulk of individual
NPs are located within the PEDOT:PSS layer. At the locations of Au NPs, bumps
are created on the surface of PEDOT:PSS. However, the Au NPs at the bumps are
covered by a layer of PEDOT:PSS and no bare Au NP protrusions are reported in
measurements.

8.2.3 Plasmonic Effects

The LSPR effects can be investigated from the absorption spectrum of the PE-
DOT:PSS/P3HT:PCBM films, with or without Au NPs in PEDOT:PSS as shown
in Fig. 8.4a. Interestingly, no significant difference is observed in absorption
between the samples with and without Au NPs. Theoretical studies [16] have also
been conducted to understand plasmonic effects of Au NPs in the devices [18].
The theoretical enhancement factor (i.e., the ratio of the active layer light
absorption of the PEDOT:PSS:Au NPs device over that of the conventional PE-
DOT:PSS one) shows no clear absorption enhancement, with a value around 1 as
shown in the inset of Fig. 8.4a which agrees well with the experimental results.

Fig. 8.3 SEM images of the surface of PEDOT:PSS:Au NPs films with a Au NPs capped with
PEG, b Au NPs not capped with PEG. The white bars in (a) and (b) are approximately 200 nm
long. c SEM image of the cross-section of a PEDOT:PSS:Au NPs film, with Au NPs capped with
PEG. The white bar in (c) is approximately 30 nm long. Note that the image is focused on the
cross-section surface of PEDOT:PSS and the Au NPs might be out of focus [18]
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LSPR is at about 580 nm, although the enhancement is weak. The theoretical
results and reflectance measurements also show that the Al electrode does not
obviously affect the LSPR effect on the absorption enhancement as the Al elec-
trode is situated far (220 nm) from the PEDOT:PSS layer.

The reason for the small optical enhancement is that when light is incident in
normal into the device through ITO, the very strong near field around Au NPs due
to LSPR mainly distributes laterally along the PEDOT:PSS layer rather than
vertically into the adjacent active layer as shown in Fig. 8.5. As a result, no clear
light absorption enhancement can be obtained in the active layer of P3HT:PCBM.
Importantly, the understanding can also be applied to other cases with the metallic
NPs (such as Ag, Pt etc.) incorporated into the buffer layer adjacent to the active
layer of typical organic thin-film solar cells due to the lateral distribution feature of
the strong near-field. Meanwhile, the work suggests that near-field physics needs
to be accounted for in the optical design of photovoltaics, and some traditional
physical quantities, such as scattering cross-section, are not enough to fully
characterize the optical properties of OSCs. For instance, typically, scattering
cross-section is very useful to locate the plasmonic resonance region and deter-
mine the strength of scattering [21, 22]. However, it cannot provide the directional
properties of electric field, and thus the direction dependence of absorption
enhancement.

Although there is no obvious enhancement in the light absorption of the active
layer, IPCE of our PEDOT:PSS:Au NPs devices increases with Au NP concen-
tration and the 0.32 wt% device shows the highest IPCE, with *64 % at 550 nm
as shown in Fig. 8.4b. For higher Au NP concentrations, IPCE decreases. This is in
good agreement with the trend of Jsc. The apparent discrepancy between light
absorption and IPCE can be explained by the fact that IPCE measures the per-
centage of incident photons that eventually results in free charges being collected
through the OSC electrodes. Factors beyond light absorption, such as the resis-
tance of electrodes, exciton dissociation rate, and charge collection efficiencies
will also affect the magnitude of IPCE. However, such nonoptical effects are likely
to be not wavelength sensitive and are represented by vertical shifts of the entire

Fig. 8.4 a Absorbance of PEDOT:PSS/P3HT:PCBM film with or without Au NPs incorporation
(0.32 wt%); inset of (a): theoretical absorption enhancement factor (detailed model shown in
Appendix A); b IPCE of the solar cells with various Au NP concentrations in PEDOT:PSS [18]
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IPCE spectrum. Comparing devices with or without Au NPs in Fig. 8.4b, it can be
observed that the IPCE shows a wideband improvement from *400 to 650 nm. It
therefore can be concluded that plasmonic effects does not play a major role in
improving PCE and electrical effects have to be accounted for.

It should be noted that in the measurement of light absorption shown in
Fig. 8.4a, the absorption of the PEDOT:PSS layer (with or without Au NPs) has
been deduced as they will absorb light. Therefore, the absorption spectrum rep-
resents light harvesting within the active layer only, which is important for
understanding the plasmonic effects on device performances. The insignificant
change in absorption spectra is a direct evidence that light absorption in
P3HT:PCBM is unaffected by the incorporation of Au NPs.

8.2.4 Effects of Au NPs on PEDOT:PSS

The morphology changes of the PEDOT:PSS:Au NP layer can be observed from
AFM images on a PEDOT:PSS:Au NP film for different NP concentrations as
shown in Fig. 8.6. Upon increasing Au NP concentration, an obvious change can
be observed in surface morphology of the PEDOT:PSS film, with an increase in
roughness of *5 and *40 % for 0.32 and 0.64 wt% Au NPs, respectively. It has
been reported that increasing anode surface roughness will increase the interface
area between the anode and active layer, providing shorter routes for holes to

Fig. 8.5 Theoretical electric
field profile in the
PEDOT:PSS:Au NPs/
P3HT:PCBM OSCs [18]

218 D. D. S. Fung and W. C. H. Choy



travel to the anode and enhancing hole collection at the anode [23]. The increased
interfacial area between PEDOT:PSS and P3HT:PCBM allows the collection of a
larger number of holes in the P3HT:PCBM layer, thus increasing Jsc of our
devices. In addition, the reduced mean distance of between generated holes and the
PEDOT:PSS interface diminishes the dependence of holes on the external electric
field for collection at the anode, explaining the improvement in FF of our devices.
Besides, it has been suggested that a rough P3HT:PCBM surface creates defect
sites that assist exciton dissociation [24]. These effects together account for the
improvements in Jsc and FF in our devices. The improved forward bias injection
upon addition of Au NPs in our devices further support the claim that the increased
PEDOT:PSS roughness increases PEDOT:PSS/P3HT:PCBM interfacial area.
Considering the optical effects of a rough PEDOT:PSS surface, the transmission of
PEDOT:PSS with or without Au NPs has been studied and observed no discernible
difference. In addition, the refractive index difference between PEDOT:PSS and
P3HT:PCBM is not large and the roughness is nanoscale. Hence, the rough PE-
DOT:PSS surface does not contribute to scatter light significantly.

To further elucidate this effect, an approach has been implemented to remove
the surface roughness of the PEDOT:PSS layer while retaining Au NPs inside the
PEDOT:PSS film. The approach is to spin-coat an extra PEDOT:PSS layer on top
of the PEDOT:PSS:Au NP layer. From AFM images in Fig. 8.6, this extra layer
smoothens the surface of the PEDOT:PSS to a morphology similar to a regular
PEDOT:PSS layer. Devices are fabricated with the structure ITO/PEDOT:PSS:Au

Fig. 8.6 AFM height images for different Au NP concentrations in PEDOT:PSS—0 % (top
left), 0.32 % (top center), 0.64 % (top right). After spin-coating an extra layer of PEDOT:PSS on
top of the PEDOT:PSS:Au NPs layer, the AFM images show a smoothened surface for 0.32 %
(bottom left) and 0.64 % (bottom right) [18]
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NPs/PEDOT:PSS/P3HT:PCBM/LiF(1 nm)/Al (100 nm). After the insertion of the
pristine PEDOT:PSS layer, the presence of Au NPs in these devices provides no
improvements in device performance. Meanwhile, since optical effects have been
proven to be unlikely to be a major contributor to performance improvement, one
cannot argue that positive LSPR effects are diminished by the alteration of optical
interference profile inside the OSC due to the addition of an extra layer of PE-
DOT:PSS. As a result, the main effect of the extra PEDOT:PSS layer is to
smoothen the rough surface of the PEDOT:PSS:Au NPs layer. Consequently, the
results indicate that the rough PEDOT:PSS: Au NPs layer surface positively
contributes to device performances.

The resistance of PEDOT:PSS from resistive devices with the structure ITO/
PEDOT:PSS:Au NPs/Al(80 nm) has also been reported [36]. J–V measurements
from these devices indicate a slight reduction in PEDOT:PSS resistance from 1.33
(No NPs) to 0.97 X (0.32 wt%). Although reduction in PEDOT:PSS resistance
reduces the series resistance of OSCs, the small decrease in PEDOT:PSS resis-
tance can only provide minor contributions to device performance improvement.
On the whole, it can be concluded that the improved hole collection at the
roughened interface between PEDOT:PSS and P3HT:PCBM enhance device
performances, while a slight reduction in PEDOT:PSS resistance by the incor-
poration of Au NPs can also provide minor contribution to performance
improvements.

8.2.5 Effects of Au NPs on Exciton Quenching

A missing picture is the origin of device performance degradation at high NP
concentrations. To investigate this effect, the photoluminescence (PL) spectrum of
PEDOT:PSS:AuNPs/P3HT:PCBM films has been investigated (see Fig. 8.7). The
PL spectra show increasing PL intensity upon increasing concentrations of Au
NPs, with a maximum of *10 % increase at *647 nm.

PL intensity changes can be caused by three main reasons: changes in optical
absorption, exciton quenching at metal/organic interfaces [25–27], and exciton
quenching at donor/acceptor (D/A) interfaces [28, 29]. The possibility of changes
in optical absorption is eliminated, as we have experimentally and theoretically
shown previously that light absorption of OSCs do not change significantly after
the incorporation of Au NPs. Considering the second reason, exciton quenching at
metal/organic interfaces, it has been reported that capping an insulating layer on
Au NPs can prevent direct contact between the metal and organic layer, hence
preventing exciton quenching on the NP surface [30]. Furthermore, as shown in
Fig. 8.3c, Au NPs located near the surface of PEDOT:PSS are well covered by
PEDOT:PSS. Hence, it is expected that the Au NPs are not in direct contact with
the P3HT:PCBM layer and the effect of exciton quenching by Au NPs is
negligible.
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For the third reason, the reduction in exciton quenching at D/A junctions
indicates reduced D/A interface area, and hence a change in the morphology of the
active layer [31]. It should be noted that studies have shown that PL increase can
be a result of an increase in crystallinity of P3HT in the P3HT:PCBM blend,
causing an increase in hole mobility and PCE [28, 32, 33], which apparently
cannot address our results. However, it should be noted that the increase in
crystallinity of P3HT has also been associated with an enhancement of absorption
of P3HT:PCBM in the red region, which is not observed in the results of Ref. [18].
Hence, the increase in PL is attributed to changes in phase separation in the
P3HT:PCBM blend leading to reduced D/A junction interfacial area, instead of
changes in crystallinity of P3HT. The reduced D/A junction area causes exciton
dissociation efficiency to decrease and reduce PCE. In addition, the AFM images
of the top surface of the P3HT:PCBM film show no significant change in top
surface morphology. This implies that the rough PEDOT:PSS surface, caused by
the incorporation of NPs, could only cause a change in internal networking of the
subsequently spin-coated P3HT:PCBM film near the PEDOT:PSS side.

Further evidence of the roughness effects on the change of phase separation can
be found from the PL spectrum of PEDOT:PSS:Au NPs/PEDOT:PSS/
P3HT:PCBM film (see Fig. 8.7) that no significant difference in PL intensity
between the samples with single PEDOT:PSS layer (without Au NPs) and double
PEDOT:PSS layer (with Au NPs in first layer) is observed. In this case, no clear
PL intensity change is observed as the smoothened PEDOT:PSS surface, caused
by the addition of an extra PEDOT:PSS layer, does not alter the internal net-
working of the active layer. Therefore, it can be concluded that incorporation of
Au NPs modifies PEDOT:PSS surface morphology and leads to the reduced
exciton quenching, which can be explained by alterations in the internal net-
working of the P3HT:PCBM film near the PEDOT:PSS side.

In terms of the impact on device performances, on the one hand, the reduction
in exciton quenching after addition of Au NPs implies a reduction in free carrier

Fig. 8.7 Photoluminescence
spectra of P3HT:PCBM for
different Au NP
concentrations in
PEDOT:PSS [18]
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generation, leading to a lower Jsc and FF. On the other hand, the previously
investigated hole collection improvement is advantageous to Jsc and FF. The
competition between the two effects contributes to the trend in PCE variation as
shown Table 8.1: as Au NPs are added to PEDOT:PSS, the surface roughness
increases, creating a larger PEDOT:PSS/P3HT:PCBM interface area. Therefore,
more holes can be collected at the anode, leading to enhancements in Jsc, FF and
PCE. However, the increased roughness also affects P3HT:PCBM networking and
reduces exciton quenching. When the Au NPs concentration increases further from
0.32 toward 1.92 %, the negative effects of reduced exciton quenching outweigh
the positive effects of improved hole collection, resulting in the reduction of PCE
as shown in Table 8.1 and thus PCE peaks at 0.32 wt%.

8.2.6 Section Summary

The incorporation of Au NPs into the PEDOT:PSS layer of an OSCs offers *13 %
improvement in PCE in robust material system of P3HT:PCBM, mainly due to
improvements in Jsc and FF. The experimental and theoretical studies showed that
absorption enhancements are minimal, and this is explained by the lateral distri-
bution of the strong near field of NPs. The study of PEDOT:PSS morphology
reveals that Au NP incorporation will cause the surface roughness of PEDOT:PSS
to increase, leading to more efficient hole collection. Also, the resistance of PE-
DOT:PSS reduces upon incorporation of NPs. On the other hand, PL measure-
ments indicate that exciton quenching is reduced due to the change in internal
networking of the active layer. The combination of these electrical effects explains
the trend of PCE reported in the work [18].

8.3 Electrical and Optical Properties of Organic Solar Cells
with Au Nanoparticles Doped into the Active Layer

With our previous section showing that performance improvement of OSCs
incorporated with Au NPs in the PEDOT:PSS layer is not due to LSPR effects, we
would like to discuss the OSC performance improvement mechanisms when NPs
are doped in a different layer and understanding the conditions in which LSPR
effects can be utilized in OSCs. We noticed that previous studies have commonly
used the metallic NPs as an interfacial layer on ITO coated glass substrates or a
dopant of buffer layers such as PEDOT:PSS [6–9]. OSCs with the incorporation of
metallic NPs into the active layer, however, have received limited detailed
investigation. [12, 15, 34] Therefore, the study for further understanding both
optical and electrical properties is highly desirable for OSCs with metallic NPs
incorporated into the active layer.
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In this section, the impact of the incorporation of monofunctional PEG-capped
Au NPs into the active layer of polymer blend will be discussed [35]. The polymer
donor used in the active layer of the OSCs is poly[2,7-(9,9-dioctylfluorene)-alt-2-
((4-(diphenylamino) phenyl)thiophen-2-yl)malononitrile] (PFSDCN) [36]. The
improvement of VOC, Jsc, FF is reported with an appropriate amount of Au NPs
incorporated into the active layer. As a result, after optimization, the improvement
of PCE by *32 % can be achieved [35]. The theoretical and experimental studies
of effects of LSPR introduced by Au NPs on the optical and electrical properties of
OSCs, particularly the OSC active layer will be discussed in this section.

8.3.1 Overall Device Performances

The absorption spectrum of PFSDCN film is shown in Fig. 8.8 and has two
absorption peaks at around 374 and 518 nm. The chemical structure of PFSDCN is
shown in the inset of Fig. 8.8. The optical bandgap and oxidation potential of
PFSDCN are 2.05 eV and 0.91 V, respectively. The HOMO is –5.32 eV as
measured by cyclic voltammetry (CV) method and the LUMO is -3.27 eV cal-
culated from HOMO level and optical bandgap. The absorption spectrum of Au
NPs in chloroform/chlorobenzene (1:1 v/v ratio) is shown in Fig. 8.9 with the peak
at *520 nm. The average diameter of Au NPs is *18 nm determined from TEM
measurement (inset of Fig. 8.9).

The J–V characteristics are shown in Fig. 8.10a. The effects of Au NPs con-
centration on performances including VOC, Jsc, FF, and PCE of OSCs with
structure of ITO/PEDOT:PSS (30 nm)/PFSdCN:PCBM (1:4 wt%; 2 mg/ml:8 mg/
ml dissolved in chloroform/chlorobenzene (1:1, v/v ratio)): Au NPs/LiF (1 nm)/
Al(100 nm) are shown in Fig. 8.10b (i)–(iv), respectively. It should be noted that
the fabrication conditions such as the ratio of PFSDCN to PCBM, spin-coating

Fig. 8.8 The normalized
absorption spectrum and
chemical structure of
PFSDCN [35]
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speed and time, annealing temperature, and duration have been optimized for the
control devices before the addition of Au NPs.

It is observed that Au NPs with a low concentration of 0.5 wt% improve VOC

and Jsc. However, both VOC and Jsc reduce when Au NPs concentration increases
further. FF increases slightly and then decreases as Au NPs concentration
increases. From the dark J–V characteristic, it can be observed that the electrical
conductivity improves by adding Au NPs, which is in good agreement with other
reports [15]. However, 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

Fig. 8.9 The absorption spectrum of Au NPs in chloroform/chlorobenzene (1:1 volume ratio)
with the peak at *520 nm. Inset is the TEM image of Au NPs. The white color bar is 20 nm long
[35]

Fig. 8.10 a The current–voltage characteristics of the representative OSCs incorporated with
different NP concentration under AM 1.5G illumination at 100 mW/cm2. b Electrical parameters
of NP incorporated OSCs: (i) VOC; (ii) JSC; (iii) FF; (iv) PCE [35]
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decreases. When Au NPs concentration reaches 6 wt%, almost no photovoltaic
effect is observed (PCE *0.01 %).

It should be noted that in the study [35], Au NPs have been capped with PEG.
In order to investigate the effects of PEG on device performances, the PEG-only
OSCs were fabricated in which only PEG was incorporated into the polymer blend.
PEG 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. The PEG-only OSC
shows similar J–V characteristics and PCE (*1.67 %) to that of the device
without PEG incorporation (PCE *1.64 %). Therefore, PEG itself is not likely to
have pronounced effects on device performances.

8.3.2 LSPR Effects

The degree of contributions of LSPR effect can be observed from the absorption
spectrum of the active layer incorporated with various Au NPs concentrations,
while the physical understanding can be obtained from theoretical analyzing the
absorption of OSCs as shown in Fig. 8.11. The theoretical near-field profile of
electric field (Fig. 8.11b) 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 incorporated into PE-
DOT:PSS layer (i.e., the layer adjacent 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 distri-
bution into the active layer as described in our another work [18].

Fig. 8.11 a Experimental and theoretical (inset) absorbance enhancement factor of the active
layer with different amount of Au NPs. b Theoretical near-field distribution around an Au NP in
the active layer [35]
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The theoretical and experimental absorption enhancement of the active layer
(PFSDCN:PCBM) indicates that LSPR for the case of low Au NPs concentration
mixed active layer exists at around 650 nm which is different from that of Au NPs
(*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 concentration), the theoretical and experimental
results show that the resonance strength increases and slightly red shifts. Conse-
quently, the theoretical results are in agreement with the experimental results. The
results demonstrate and explain the features of LSPR excited by Au NPs incor-
porated into OSCs 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. 8.11a. However, the effects of LSPR alone cannot completely interpret the
overall observed phenomena of OSCs. For example, low Au NPs concentration
can benefit OSC performances. Continuously enhanced light absorption is
obtained with the increase of Au NPs 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 characteristics as shown in Fig. 8.12.
When the Au NPs concentration reaches 6 wt%, a large absorption enhancement
factor is obtained (Fig. 8.11a), but IPCE decreases to almost zero. Therefore,
besides LSPR effects, the effects of Au NPs on OSC electrical properties need to
be investigated for understanding the results.

8.3.3 Effects on Carrier Mobility

Generally, electron and hole mobilities are the important factors and should be
high enough to guarantee large carrier hopping rate, to avoid carrier recombination

Fig. 8.12 IPCE of OSCs
incorporated with different
concentrations of Au NPs
[35]
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and to prevent the build-up of space charge. [37, 38] For Au NPs incorporated
OSCs, the hole and electron mobilities have been determined from hole-only and
electron-only devices, respectively, by fitting from the dark J–V curves using the
space-charge limited current (SCLC) model. [39] Hole-only devices have struc-
tures of 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 OSCs by evaporating 1 nm of Ca [40, 41]. For our
electron-only devices, the structure of ITO/Ca (2 nm)/polymer blend: Au NPs/
LiF(1 nm)/Al(100 nm) has been investigated. The mobility of holes and electrons
is shown in Fig. 8.13 and the detailed experimental data and fitting curves are
shown in Fig. 8.14. The hole mobility (1.18–4.25 9 10-4 cm2V-1s-1) is about
one order less than electron mobility (0.78–1.2 9 10-3 cm2 V-1s-1) except for
that of OSC with 6 wt% Au NPs. Hence, the charge transport of the 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 [42].

The effects of Au NPs on the carrier mobility are manifold. On the one hand,
Au NPs can introduce dopant states within the bandgap of polymer which can
provide hopping sites for holes, and thus enhance the mobility [15]. In fact, the
metallic NP-induced energy levels for holes have also been reported previously in
a hybrid Ag NPs/organic resonant tunneling diode [43]. On the other hand, the
incorporated Au NPs will modify the nanoscale morphology of the polymer/ful-
lerene blend, especially with high NPs concentration, which can be evidenced by
the AFM image as shown in Fig. 8.15. The root mean square (RMS) roughness of
the active layer increases significantly from *0.617 (without Au NPs) to
*8.062 nm (6 wt% 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. [44, 45] Such NPs-induced nanoscale morphology change may not favor
charge transport, and thus degrades the carrier mobility. The two factors will

Fig. 8.13 Effects of Au NP
concentration on the hole and
electron mobilities in the
active layer [35]
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Fig. 8.14 Experimental data (symbols) and fitted J–V curves (solid lines) of a hole-only devices
b electron-only devices. The electrical conductivity of electron-only device with 6 wt% Au NP
concentration is rather low, and thus is shown in the inset of (b) [35]

Fig. 8.15 AFM images of the active layer a height image, RMS = 0.617 nm and b phase image
of active layer film without Au NPs; c height image, RMS = 8.062 nm and d phase image of
active layer film with Au NPs: 6 wt% [35]
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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.
roughness only increases to *1.204 nm for 1 wt% Au NP incorporation, 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 Au NPs), incorporation with 2 wt% Au NPs contributes to an improve-
ment of hole mobility by *237 % (from 1.26 9 10-4 to 4.25 9 10-4

cm2V-1s-1), and an improvement of electron mobility only by *28 % (from
0.93 9 10-3 to 1.2 9 10-3 cm2V-1s-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 degrade, which is well con-
sistent with the experimental results as shown in Fig. 8.16. Therefore, the
enhanced carrier mobilities with the proper amount of Au NPs can partly account
for the improved photocurrent generation and FF due to the improved carrier
collection and the reduced bulk resistance. However, when the carrier mobility
maintains increment until Au NPs concentration reaching 2 wt%, device perfor-
mances, i.e., Jsc and PCE decrease when Au NPs concentration C1 wt%. This
indicates that besides the carrier mobility, Au NPs should affect other operation
processes of OSCs. One process likely to be affected is the dissociation of excitons
to free carriers as described below.

8.3.4 Effects on Exciton Dissociation

The efficiency of exciton dissociation can be investigated by fitting photocurrent
(Jph) as a function of effective voltage (VEFF) as reported in Mihailetchi et al. [46].
The maximal generation rate of excitons (Gmax) for all the devices with different

Fig. 8.16 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) [35]
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Au NPs concentration [35] is on the order of 5 9 1027 m-3 s-1. The exciton decay
rate (kF) and exciton dissociation probability (Pexc) under short-circuit condition
are shown in Fig. 8.16. It can be observed that Au NPs indeed affects 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 LSPR [47] and the enhanced hole mobility which reduces the
carrier back-transfer induced recombination. [37, 42] The degradation of exciton
dissociation efficiency at high NPs concentration can be attributed to the mor-
phology change of the active layer and the reduced VOC. As indicated from the
surface image of the active layer in Fig. 8.15, the nanoscale morphology change
inside the active layer is significant especially at high NPs concentration. Such NP-
induced morphology change may make the polymer blend less favorable 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 [48].

8.3.5 Voc

As Au NPs concentration increases, VOC first increases from *0.90 (without Au
NPs) to *1.01 V (Au NPs: 0.5 wt%) and then decreases. When Au NPs con-
centration increases to 6 wt%, VOC reduces significantly to 0.44 V. In BHJ OSCs,
charge recombination is commonly regarded as one important loss mechanism
limiting VOC. [49, 50]. With a proper amount of Au NPs (B0.5 %), the reduced
recombination due to the enhanced carrier mobility and exciton dissociation is
expected to improve VOC. Theoretical studies built based on the fundamental
equations describing carrier transports in semiconductors following Koster et al.
[42] have been conducted to understand the contribution of recombination
reduction on VOC. Details of the model can be found in Appendix A. In modeling,
the device parameters for OSCs with various Au NPs such as carrier mobilities and
kF are obtained by experiment and modeling in the previous sections, while other
parameters are 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 (B0.5 wt%) is the down-
wards shift of the donor HOMO level due to reduced polarization energy [51, 52].
Downwards shift of donor HOMO level by 0.1 eV is best fitted as shown in
Appendix A: Fig. 8.17, for the increase of the measured VOC by *0.1 V for
0.5 wt% Au NP case.

The degradation of VOC at high Au NPs concentration is due to several factors.
At high concentration, large amount of Au NPs may modify the interfacial charge
states at the cathode and even breakdown the Fermi level pinning between the
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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-section images of the active layer in Fig. 8.18. With
low concentration of Au NPs (0.5 and 2 wt%), the Au NPs are mostly located near
the bottom of PFSDCN:PCBM (near to the interface with PEDOT:PSS). When
embedding high concentration Au NPs (6 wt%, Fig. 8.18c), aggregation of NPs is
observed and some are located at the surface of the active layer, which induce a
significant morphology change and VOC reduction. The theoretical results show
that the change of work function of the cathode causes the reduction of VOC. When
the cathode work function is downward shifting by 0.56 eV, VOC reduces to
0.69 V for OSCs with 4 wt% of Au NPs concentration. 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 OSCs
as the concentration of Au NPs increases. The shunt paths formed directly from
anode to cathode are believed to reduce the VOC [53, 54].

Fig. 8.17 J–V characteristics of the OSCs with different Au NPs concentration under AM 1.5G
illumination at 100 mW/cm2. The symbols denote experimental data (squares: without Au NPs;
circles: Au NPs 0.5 wt%; triangles: Au NPs 4 wt%). The solid lines denote theoretical results
[35]

Fig. 8.18 SEM cross-section image of the active layer embedding with Au NPs a 0.5 wt%,
b 2 wt% and c 6 wt% [35]
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8.3.6 Section Summary

The effects of Au NPs incorporated into the active layer PFSDCN:PCBM of OSCs
have been described in this section. Theoretical simulations indicated that the near
field of NPs distribute laterally along the active layer, leading to the absorption
improvement which is also experimentally observed. On the other hand, electrical
properties of these OSCs are also described. The carrier mobility is found to
increase upon incorporation of NPs. In particular, hole mobility increased to a
larger extent than electron mobility, leading to reduced carrier transport imbal-
ance. Exciton dissociation efficiency is found to increase then decrease as NP
concentration is increased. The active layer morphology is also altered after NP
incorporation. These factors together lead to the observed PCE trend.

8.4 Efficiency Improvement of Polymer Solar Cells
by Incorporating Au Nanoparticles
into All Polymer Layers

Although PCE of OSCs has been shown to improve by incorporating metallic NPs
in either the buffer layer such as PEDOT:PSS or the active layer [6, 7, 9–11, 47,
55], we have shown in Sects. 8.2 and 8.3 that in fact, the contribution of LSPR
effects to PCE improvements varies when NPs are doped in different layers.
Electrical properties such as carrier mobility, exciton dissociation probability, and
the morphology of the organic layer incorporated with NPs are affected by NPs,
and are major contributors to the PCE changes as NP concentration increases.
With the experience of incorporating NPs individually in the hole collection layer
or active layer, we noticed that there are very limited studies on incorporating
metallic NPs in more than one organic layer. The study of incorporation of NPs in
all organic layers has two objectives: (1) Achieving high efficiency OSCs by
incorporating NPs within all possible layers of a OSC; (2) Investigating their
effects on the optical and electrical properties, in particular, observing the presence
of interaction between the NPs in different layers, if any. Achieving these two
objectives will enhance our understanding in device mechanisms and is essential
for designing high efficiency NP-incorporated OSCs.

In this work, monofunctional PEG-capped Au NPs of sizes 18 and 35 nm are
doped in the PEDOT:PSS and P3HT:PCBM layers, respectively, leading to an
improvement of PCE by *22 % compared to the optimized control device. We
will first identify the impact of NPs in each polymer layer on OSC characteristics
by doping Au NPs in either the PEDOT:PSS or P3HT:PCBM layer. Then, we will
investigate the impact of Au NPs incorporated in all polymer layers. We dem-
onstrate that the accumulated benefits of incorporating Au NPs in all organic layers
of OSCs can achieve larger improvements in OSC performances.
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8.4.1 Performances of Au NP Devices

Four device structures have been investigated [56] as follows:

Device A: (control): ITO/PEDOT:PSS/P3HT:PCBM/LiF (1 nm)/Al (100 nm)
Device B: ITO/PEDOT:PSS ? Au NPs/P3HT:PCBM/LiF (1 nm)/Al (100 nm)
Device C: ITO/PEDOT:PSS/P3HT:PCBM ? Au NPs/LiF (1 nm)/Al (100 nm)
Device D: ITO/PEDOT:PSS ? AuNPs/P3HT:PCBM ? Au NPs/LiF (1 nm)/Al
(100 nm)

J–V characteristics of the four OSC device structures with Au NPs incorporated
into different organic layers are shown in Fig. 8.19, and the photovoltaic param-
eters are listed in Table 8.2.

We observe that the incorporation of Au NPs into either the PEDOT:PSS layer
(Device B) or the active layer (Device C) or improves PCE from 3.16 (control
Device A) to 3.61 and 3.44 %, respectively. Interestingly, the simultaneous
incorporation of Au NPs into both layers results in a further improvement of
average PCE to 3.85 %, which corresponds to *22 % increment from the control
Device A. In all cases, the increases in PCE are results of improvements in Jsc and
FF, while the VOC is unchanged. Notably, when incorporating Au NPs into both
PEDOT:PSS and active layer simultaneously, the series resistance (RS) reduces
obviously from 3.05 (Device A) to 1.93 X�cm2 (Device D), contributing to a
remarkable increase of FF from 61.92 to 65.00 %. To study the origins of PCE
improvement, we first separately study the effects of NPs when incorporated into
either the PEDOT:PSS or P3HT:PCBM layer, which is followed by discussions on
PCE improvement when NPs are incorporated in all polymer layers.

Fig. 8.19 a J–V characteristics of the OSCs with NPs incorporated into different layers under
AM 1.5G illumination at 100 mW/cm2 [35]
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8.4.2 Effects of Au NPs Incorporated in the PEDOT:PSS Layer
Only

For the case of Au NPs doped into the PEDOT:PSS layer only (Device B), a study
of the physics been conducted in Sect. 8.2 [18]. In this set of experiment, the
absorption spectrum of the active layer does not show any clear change from the
control Device A as shown in Fig. 8.20.

This is in good agreement with previous report [18], which can be explained by
the finding that the strong near field around Au NPs due to the LSPR distributes
laterally along the PEDOT:PSS layer instead of vertically penetrating into the
active layer. Meanwhile, from the hole mobilities of Devices A and B derived
from the hole-only devices, there is no obvious changes (see Fig. 8.21), indicating
that charge transport in the bulk of the active layer is unaffected by NPs incor-
porated in PEDOT:PSS. The surface morphology of the PEDOT:PSS ? Au NPs
layer showed an obvious increase in surface roughness with the RMS roughness
increasing from 0.97 to 1.55 nm. Therefore, the incorporation of Au NPs only in
PEDOT:PSS increases the interfacial contact area between the active layer
(P3HT:PCBM) and PEDOT:PSS, allowing more efficient hole collection at the
anode, and hence increases Jsc and FF [23, 57]. Furthermore, from resistive

Table 8.2 Photovoltaic parameters of the PSCs with NPs incorporated in different layers under
AM 1.5G illumination at 100 mW/cm2. RS is derived from the slope of the current–voltage (J–
V) curves under dark at 2 V [56]

Device VOC (V) Jsc (mA/cm2) FF (%) PCE (%) RS (X.cm2)

A 0.61 ± 0.00 8.35 ± 0.09 61.92 ± 0.33 3.16 ± 0.04 3.05 ± 0.03
B 0.61 ± 0.01 9.41 ± 0.28 62.52 ± 0.66 3.61 ± 0.08 2.11 ± 0.06
C 0.61 ± 0.00 8.85 ± 0.27 63.56 ± 0.53 3.41 ± 0.11 2.92 ± 0.13
D 0.61 ± 0.01 9.74 ± 0.57 65.00 ± 1.02 3.85 ± 0.20 1.93 ± 0.04

Fig. 8.20 Absorbance of the
active layer for different NP
doping structures [56]
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devices of structure ITO/PEDOT:PSS (with or without Au NPs)/Al, it is found that
the resistance of PEDOT:PSS reduces upon addition of NPs. Both the increased
interfacial contact area and conductivity of PEDOT:PSS contributes to the
reduction of the series resistance of OSCs from 3.05 to 2.11 X�cm2, and
improvement of FF and PCE.

8.4.3 Effects of Au NPs Incorporated into P3HT:PCBM

Although electrical effects dominantly address the performance improvement
when incorporating Au NPs only in PEDOT:PSS, the mechanism for PCE
improvement is found to be different when NPs are incorporated into the active
layer. In contrast to Sect. 8.3, a different active layer material, P3HT:PCBM is
used instead of PFSDCN:PCBM and the device characteristics are investigated
here. As shown in Fig. 8.20, when NPs are incorporated into the active layer only
(Device C), absorption of the active layer increases over a wide wavelength range.

From the theoretical studies [56], it is found that the absorption enhancement
can be explained by LSPRs in the Au NPs excited by the TE polarized light. The
dipoles generated in the Au NPs and the strong near field by LSPRs by Au NPs in
the active layer are shown in Fig. 8.22. It can be observed that the strong near field
distributes into the active layer and directly enhance the light absorption by the
blended polymers of the active layer.

As a result of the strong near field of NPs which overlaps with the active layer,
the amount of photogenerated excitons is increased, and hence increases the Jsc of
OSCs. Regarding electrical properties, J–V measurements and fitting on hole-only
devices indicate that the hole mobility of the active layer increases from
8.94 9 10-4 to 1.19 9 10-3 cm2/V�s. Studies have shown that in P3HT:PCBM,
electron mobility is higher than hole mobility and this carrier imbalance is

Fig. 8.21 The J–
V characteristics of hole-only
devices with Au NPs
incorporated into different
layers with the structure of
ITO/PEDOT:PSS (with or
without Au NPs)/
P3HT:PCBM (with or
without Au NPs)/Au (20 nm)/
Al (100 nm). The symbols are
experimental data while the
lines are fitting curves. Fitting
is done according to the
space-charge limited current
model [56]

8 Experimental Studies of Plasmonic Nanoparticle Effects on Organic Solar Cells 235



detrimental to the photovoltaic performance [29]. The increase in hole mobility
allows more balanced charge transport in the active layer, thus improving the Jsc

and FF of the device.

8.4.4 Effects of Au NPs Incorporated in All Polymer Layers

When Au NPs are doped into both PEDOT:PSS and the active layer, the PCE of
our OSCs further increases to 3.85 %. From hole-only devices, the hole mobility
of P3HT:PCBM is determined to be *1.21 9 10-3 cm2/V.s, which is similar to
the case when NP is doped in the active layer only (1.19 9 10-3 cm2/V.s). From
the cross-section SEM images are shown in Fig. 8.23, Au NPs doped in the active
layer are mostly located at the bottom of P3HT:PCBM (near to the interface with
PEDOT:PSS), while the Au NPs doped to PEDOT:PSS are well embedded in the
PEDOT:PSS layer. However, despite the fact that the active layer is adjacent to the
PEDOT:PSS layer, the highly similar absorption spectra of Devices C (Au NPs in
P3HT:PCBM only) and D (Au NPs in both P3HT:PCBM and PEDOT:PSS) shown
in Fig. 8.20 show that there is no clear interaction between the Au NPs in the
active layer and those in the PEDOT:PSS layer. From the principle of optics, the
absence of couplings between Au NPs in PEDOT and Au NPs in P3HT:PCBM is
reasonable, because the polarization direction of the electric field of vertically
incident light is parallel to each device layer. Furthermore, we have shown that the
improvement mechanisms when incorporating NPs in PEDOT:PSS mainly origi-
nates from PEDOT:PSS/P3HT:PCBM interfacial effects, while incorporating NPs
in the active layer mainly improves optical absorption and charge transport in the
bulk of the active layer. As interfacial and bulk effects are two individual effects
and optical coupling between NPs is not observed, we expect that the improvement
of PCE from 3.16 to 3.85 % is the accumulated improvements of addition of NPs
into the individual layers.

Fig. 8.22 The schematic
pattern for the plasmon
resonance and charge
distribution of an Au NP, as
well as the near-field
distributions for the vertically
incident light with TE
polarization in P3HT:PCBM
[56]
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8.4.5 Section Summary

In conclusion, by incorporating Au NPs into all organic layers in the OSCs, the
efficiency can be improved by 22 %. The improvement is attributed to the accu-
mulated enhancements in device performance due to addition of NPs into indi-
vidual layers. NPs doped into PEDOT:PSS mainly contributes to more efficient
hole collection due to increased PEDOT:PSS/P3HT:PCBM interfacial area, while
NPs doped into the active layer improves optical absorption by LSPR effects and
improves the hole mobility of the active layer. No optical coupling was observed
between NPs in PEDOT:PSS and P3HT:PCBM. As the effects of NPs in PE-
DOT:PSS or P3HT:PCBM are separated, the PCE improvement was attributed to
the accumulated benefits of NPs in the individual organic layers. Although the NPs
in different layer did not interact to achieve extra improvements in PCE, this study
shows that the advantages of incorporating NPs in individual layers can be utilized
together to achieve larger increases of OSC performance and the role of NPs play
when incorporated into OSCs has been further clarified, which is highly useful in
designing high efficiency OSCs in the future.

8.5 Conclusions

We have discussed in detail that the effect of incorporation of NPs into various
layers of an OSC. In Sect. 8.2, it has been reported [36] that about 13 %
improvement in PCE for PSCs incorporating PEG-capped Au NPs in PEDOT:PSS,
with enhancements mainly originating from Jsc and FF. A peak in PCE perfor-
mance is obtained at an Au NP concentration of 0.32 wt% [35]. The contribution
of LSPR effect to performance improvement has been theoretically and experi-
mentally described. Both theoretical and experimental results show that absorption

Fig. 8.23 Representative
cross-section SEM image of
the film structure
PEDOT:PSS ? Au NPs/
P3HT:PCBM ? Au NPs [35]
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enhancement due to incorporation of Au NPs is insignificant and provides only
minor contribution to PCE improvement. It is found that the reason is due to the
lateral distribution feature of the strong near-field of plasmonic resonance around
the metallic NPs. Importantly, the finding can also be applied to other cases with
metallic NPs (such as Ag and Pt) incorporated into the buffer layer adjacent to
active layers of typical organic thin film solar cells. These studies [35, 58], that the
optical properties of OSCs such as the direction dependence of absorption
enhancement cannot but fully described by traditional physical quantities, such as
scattering cross-section. It is highly necessary to account for near-field physics in
order to provide a full picture for the effective optical design of photovoltaics.

Considering electrical characteristics, it is found [18] that the incorporation of
an appropriate amount of Au NPs reduces the resistance of PEDOT:PSS layer.
AFM images of NP incorporated PEDOT:PSS show that there is an increase in the
interfacial roughness between P3HT:PCBM and PEDOT:PSS after incorporation
of Au NPs. The roughened interface contributes to the improvement of hole col-
lection efficiency and leads to Jsc and FF enhancements. PL measurements show
that incorporation of Au NPs lead to reduced exciton quenching at D/A junctions
at high NP concentrations due to change in internal networking of the active layer.
The report indicates [18] that the competition between the effects of hole collec-
tion improvements and reduced exciton quenching, instead of LSPR effects, lead
to the performance peak at 0.32 wt%.

In Sect. 8.3, the effects of PEG-capped Au NPs (0.5 wt%) on OSCs have been
theoretically and experimentally discussed by introducing the Au NPs into a blend
of a newly synthesized polymer of PFSDCN and PCBM [35]. The results show
that due to the interesting feature of the strong lateral distribution of LSPR near
field along the active layer, light absorption is enhanced by incorporating Au NPs
into the active layer. This is in stark contrast with the case of NPs incorporated into
PEDOT:PSS where LSPR cannot contribute to absorption enhancement.

Meanwhile, our discussion shows that electrical properties are also strongly
affected by the NPs. Carrier mobility was found to increase which is beneficial to
device performance. In particular, hole mobility increases at a quicker rate than
electron mobility which may contribute to reducing carrier mobility imbalance.
Exciton dissociation probability is also found to increase slightly then decrease
rapidly upon increasing NP concentration. The morphology of the active layer is
also strongly altered by high concentrations of Au NPs. The interplay of these
various factors showed that enhancement in electrical properties can initially
improve OSC performance at low NP concentrations. At higher concentrations,
electrical effects can counter-diminish the optical enhancement from LSPR which
reduces the overall performance improvement. Hence, it is very important that
both optical and electrical properties need to be studied and optimized simulta-
neously. After optimization, power conversion efficiency can be improved by
*32 % [35].

The studies in Sects. 8.2 and 8.3 have provided us with insights into the device
mechanisms of OSCs. The role of LSPR is found to be not as important as many
studies claimed to be in improving PCE of solar cells. In particular, only NPs
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incorporated in the active layer can utilize LSPR to improve active layer
absorption. On the other hand, electrical properties are found to play significant
roles in improving PCE. Our studies highlight the important point that both
electrical and optical characteristics have to be investigated in OSCs, and our
findings are highly useful in the design of NP-incorporated solar cells.

In Sect. 8.4, Au NPs incorporated into both the hole collection layer and the
active layer have been discussed. A large increase in PCE (*22 %) has been
reported [56] which is attributed to the stacked improvements of NPs incorporating
in the hole collection layer and the active layer. Coupling is not observed between
NPs in the different layers, but this study shows that NPs can be incorporated in all
layers to achieve large improvements in efficiency.

Appendix A

The electrical properties of OSCs with Au NPs in the active layer of PFSDCN:
PCBM [35] have been theoretically studied by solving the organic semiconductor
equations involving Poisson, drift–diffusion, and continuity equations [42, 46, 59].
The field-dependent mobility uses the Frenkel-Poole form l = l0�exp(F/F0). The
Braun-Onsager model is employed for the exciton dissociation. The boundary
conditions for ohmic or schottky contacts are also taken into account.

Due to the very thin active layer (*65 nm), it can be assumed the generation
rate of bound electron–hole pairs (Gmax) is uniform. Gmax can be obtained from the
measured absorption spectra. The electron and hole mobilities can be obtained by
fitting the J–V curves of the measured electron- and hole-only devices following
the SCLC model. The HOMO is -5.32 eV as measured by cyclic voltammetry
(CV) method and the LUMO is -3.27 eV calculated from HOMO level and
optical bandgap. The exciton decay rate (kF) of exciton and charge separation
distance (a) can be fitted to make our theoretical J-V curves best fit to the
experimental J-V curves
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