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We demonstrate efficiency improvement in polymer solar cells (PSCs) by ~22% through
incorporating Au nanoparticles (NPs) into all polymer layers. Au NPs are found to have distinct
mechanisms in improving device performance when incorporated in different polymer layers. Au
NPs in poly-(3,4-ethylenedioxythiophene):poly(styrenesulfonate) mainly contribute to better hole
collection while Au NPs in active layer contributes to the enhanced optical absorption and more
balanced charge-transport. Our theoretical result shows that the absorption enhancement at the
active layer is attributed to plasmon resonances with strong near-field distributions penetrated
into absorption polymers. These findings can be applied to design high-efficiency metallic
NPs-incorporated PSCs. © 2011 American Institute of Physics. [doi:10.1063/1.3650707]

Polymer solar cells (PSCs) have been a highly interesting
field in recent years, as they have a strong potential to realize
low cost solar cells which are highly portable and deployable
due to their flexibility and light weight." Compared with inor-
ganic solar cells, PSCs usually suffer from the insufficient
light absorption due to the thin active layer restricted by the
short exciton diffusion length and low carrier mobilities.”™
To overcome these limits, metallic (e.g., Au, Ag) nanopar-
ticles (NPs) have been incorporated into the polymer layers
conveniently in solution processing. Although the power con-
version efficiency (PCE) of PSCs has been shown to improve
by incorporating metallic NPs in either the buffer layer such
as poly-(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) or the active layer,” ' the understanding on
the changes is still not quite clear.

In this work, monofunctional poly(ethylene glycol)
(PEG)-capped Au NPs of sizes 18 nm and 35 nm are doped in
the PEDOT:PSS and poly(3-hexylthiophene) (P3HT):phenyl-
C61-butyric acid methyl ester (PCBM) layers, respectively,
leading to an improvement of PCE by ~22% compared to the
optimized control device. We first identify the impact of NPs
in each polymer layer on PSC characteristics by doping Au
NPs in either the PEDOT:PSS or P3HT:PCBM layer. Then,
we investigate the impact of Au NPs when incorporated in all
polymer layers. We demonstrate that the accumulated benefits
of incorporating Au NPs in all organic layers of PSCs can
achieve larger improvements in PSC performances.

The basic PSC structure in this work is ITO/PEDOT:PSS/
P3HT:PCBM/LIiF (1 nm)/Al (100 nm). Device A has no NP
doping, while devices B, C, and D have NPs doped into
PEDOT:PSS, P3HT:PCBM, and both layers, respectively. For
hole-only devices, Au (20 nm)/Al (80 nm) electrode was used
in place of the LiF/Al electrode. Detailed information of the
optimized conditions for the control device A can be found
elsewhere.'' The synthesis of Au NPs with PEG capping are
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described our previous report.'® The amount of Au NPs doped
into the organic layer (0.32 wt. % in PEDOT:PSS and 1.2 wt.
% in P3HT:PCBM) had been optimized for the best PCE. De-
vice characterization methods including current density (J)-
voltage (V) characteristics, optical absorption, atomic force
microscopy, (AFM) and scanning electron microscope (SEM)
were conducted as stated elsewhere.'®™'? The volume integral
equation (VIE) method, which is a rigorous solution to Max-
well’s equations, was adopted to study the optical absorption
of PSCs. The coupling between multiple NPs and the interac-
tion between NPs and multilayered device structure were fully
considered."?

J-V characteristics of the four PSC device structures with
Au NPs incorporated into different organic layers are shown in
Fig. 1(a), and the photovoltaic parameters are listed in Table 1.
We observe that the incorporation of Au NPs into either the
PEDOT:PSS layer (device B) or the active layer (device C)
improves PCE from 3.16% (control device A) to 3.61% and
3.44%, respectively. Interestingly, the simultaneous incorpora-
tion of Au NPs into both layers results in a further improve-
ment of average PCE to 3.85%. In all cases, the increases in
PCE are results of improvements in short-circuit current den-
sity (Jsc¢) and fill factor (FF), while the open-circuit voltage
(Voc) is unchanged. Notably, when incorporating Au NPs
into both PEDOT:PSS and active layer simultaneously, the
series resistance (Rg) reduces obviously from 3.05 Q cm?
(device A)to 1.93 Q cm? (device D), contributing to a remark-
able increase of FF from 61.92% to 65.00%.

The effect of NPs doped in a single layer is first studied.
For the case of Au NPs doped into the PEDOT:PSS layer
only (device B), a study of the physics has been conducted
previously.'® In good agreement with our previous results,
the absorption spectrum of the active layer does not show
any clear change from the control device A as shown in
Fig. 1(b). This can be explained by our finding that the strong
near field around Au NPs due to the localized surface plas-
mon resonance (LSPR) distributes laterally along the
PEDOT:PSS layer instead of vertically penetrating into the
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FIG. 1. (Color online) (a) J-V characteristics of the PSCs with NPs incorpo-
rated into different layers under AM 1.5G illumination at 100 mW/cmz. (b)
Absorbance of the active layer for different NP doping structures. (device A:
No NPs; B: NPs in PEDOT:PSS only; C: NPs in P3BHT:PCBM only; and D:
NPs in both P3HT:PCBM and PEDOT:PSS).

active layer.10 Meanwhile, the hole mobilities of devices A
and B derived from the hole-only devices show negligible
changes (Supporting information: Fig. S1),'” indicating that
charge transport in the bulk of the active layer is unaffected
by NPs incorporated in PEDOT:PSS. The surface morphol-
ogy of the PEDOT:PSS + Au NPs layer (Supporting infor-
mation: Fig. $2)'” shows an obvious increase in surface
roughness with the root mean square (RMS) roughness
increasing from 0.97 nm to 1.55 nm. Therefore, the incorpo-
ration of Au NPs only in PEDOT:PSS increases the interfa-
cial contact area between the P3HT:PCBM and
PEDOT:PSS, allowing more efficient hole collection at the
anode and hence improves Jg- and FF 1415 Furthermore,
from resistive 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 (Supporting in-
formation: Fig. S3 (Ref. 17)). Both the increased interfacial
contact area and conductivity of PEDOT:PSS contribute to

TABLE 1. Photovoltaic parameters of the PSCs with NPs incorporated in
different layers under AM 1.5G illumination at 100 mW/cm?. Ry is derived
from the slope of the current—voltage (J-V) curves under dark at 2 V. (device
A: control device without NPs; B: NPs in PEDOT:PSS only; C: NPs in
P3HT:PCBM only; D: NPs in both P3BHT:PCBM and PEDOT:PSS).

Device Voc (V) Jsc (mAfem?)  FF (%) PCE (%) Rs(Qcm?)

A 0.61 =0.00 8.35*0.09
B 0.61 =0.01 9.41+0.28
C 0.61 =0.00 8.85*0.27
D 0.61 £0.01 9.74 = 0.57

61.92+0.33 3.16 £0.04 3.05*0.03
62.52+0.66 3.61 £0.08 2.11 £0.06
63.56 =0.53 3.41*£0.11 2.92*0.13
65.00 = 1.02 3.85+0.20 1.93 +0.04
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FIG. 2. (Color online) The schematic pattern for the plasmon resonance and
charge distribution of a Au NP, as well as the near-field distributions for the
vertically incident light with TE polarization in PAHT:PCBM.

the reduction of the series resistance of PSCs from 3.05 Q
cm” to 2.11 Q cm? and improvement of FF and PCE.

Although electrical effects dominantly address the per-
formance 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. As shown in Fig. 1(b), when NPs are incorporated into
the active layer only (device C), absorption of the active
layer increases over a wide wavelength range. From our the-
oretical studies, we find 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. 2. It can be observed that the strong near field
distributes into the active layer and directly enhances the
light absorption by the blended polymers of the active layer.
Together the scattering effects of Au NPs coupled to wave-
guide mode, Jgc improves. Regarding electrical properties,
hole-only devices indicate that hole mobility increases from
8.94 x 107* cm?/V s to 1.19 x 107> cm?/V s. Studies have
shown that in P3HT:PCBM, electron mobility is higher than
hole mobility and this carrier imbalance is detrimental to
photovoltaic performance.'® The increase in hole mobility
allows more balanced charge transport in the active layer,
thus improving the Jg¢ and FF of the device.

When Au NPs are doped into both PEDOT:PSS and
P3HT:PCBM, PCE further increases to 3.85%. From hole-
only devices, the hole mobility of P3BHT:PCBM is determined
to be ~1.21 x 1072 cm?/V s, which is similar to the case when
NP is doped in the active layer only (1.19 x 107 cm?/V s).
From the cross section SEM images as shown in Fig. 3, Au
NPs doped in the active layer are mostly located at the bottom
of P3BHT: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) in Fig. 1(b) show that there is no clear interac-
tion between the Au NPs in the active layer and those in the
PEDQT:PSS layer. From the principle of optics, the absence
of clear 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
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FIG. 3. Representative cross section SEM image of the film structure
PEDOT:PSS + Au NPs/P3HT:PCBM + Au NPs.

improvement mechanisms when incorporating NPs in only
PEDOT:PSS or P3HT:PCBM mainly originate from interfa-
cial or bulk effects, respectively. As interfacial and bulk
effects are two separate 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.

In conclusion, we have demonstrated ~22% improve-
ment in efficiency by incorporating Au NPs into all organic
layers in the PSCs. The improvement is attributed to the accu-
mulated enhancements in device performance due to addition
of NPs into individual layers, while coupling between NPs in
different layers is not observed. Our study shows that the
advantages of incorporating NPs in individual layers can be
utilized together to achieve larger increases of PSC perform-
ance and these findings can be applied to the design of high
efficiency NP-incorporated PSCs in the future.
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See supplementary material at http://dx.doi.org/10.1063/1.3650707 for
showing (1) the J-V characteristics of hole-only devices with NPs incorpo-
rated different region of the devices and (2) the change of surface mor-
phology of PEDOT:PSS due to the incorporation of the NPs by using
AFM.
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