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As-synthesized Au nanoparticles (NPs) composed of bone-like and rod shapes and a minority of cube and
irregular spheres, generating three localized surface plasmon resonance (LSPR) peaks of 525, 575, and
775 nm, were doped into poly(3, 4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) layer
and realized a power conversion efficiency of as high as 9.26% in our polymer solar cells. Optical, elec-
trical, and morphology changes induced by Au NPs were analyzed and results demonstrate that the
outstanding device performance is mainly attributed to the LSPR- and scattering-induced absorption
enhancement in the active layer. Besides, mixed Au NPs also decreased the bulk resistance of PEDOT:PSS,
which is found to facilitate hole transport and collection.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Organic photovoltaic (OPV) cells are attracting a lot of attention
due to their potential for high-throughput processing and low-
cost. Despite the promising potential, the power conversion effi-
ciency (PCE) of OPV is limited by the insufficient light absorption
of thin active layer (~100 nm) because of the short exciton dif-
fusion length (~10 nm) within organic materials [1]. Effective
methods overcoming the exciton diffusion bottleneck include
employing bulk [2,3] and mixed [4]| heterojunctions and phos-
phorescent materials [5,6] through increasing contact interface
between donors and acceptors and extending exciton’s lifetime,
respectively. Another feasible approach is to utilize a significantly
enhanced localized field induced by surface plasmons to improve
absorption of the active layer. Surface plasmons are electro-
magnetic surface waves confined to a metal-dielectric interface,
which are either localized by metal nanoparticles (so-called loca-
lized surface plasmons) or propagated along with planar metal
surfaces (so-called surface plasmon polaritons). Ag and Au are the
two most frequently used materials in this area. The influences of
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Ag or Au nanoparticles (NPs) or array nanostructures within car-
rier extraction layer or active layer on the solar cell’s performances
have been extensively explored by many groups [7-24]. These NPs
or arrays are usually obtained by the methods of laser ablation
[25,26], electron beam lithography [27], focused ion beam milling
[16], scanning tunneling microscopy assisted nanostructure for-
mation [28], wet chemical synthesis [29-31], etc. Among these
approaches, wet chemical synthesis [29-31] is outstanding for the
advantages of producing well-dispersed NPs in a variety of aqu-
eous/organic solutions and the easy control over nanoparticles’
shape, size, and density [32-34].

The initial explorations were mainly focused on doping a single
type of Au or Ag NPs into OPV’s carrier extraction layer or active
layer [12-14,17,21]. In recent works, people have tried to utilize
two types of NPs or a combination of metal NPs with nanos-
tructures to enhance the device performance. For instance, Li et al.
[22] used dual plasmonic nanostructures of 750 nm Ag nano-
gratings and 50 nm Au NPs to broaden active layer’s absorption
region and obtained a PCE of 8.79 + 0.15% with a ~16% enhance-
ment from 7.59 + 0.08%. In another work, Hsiao et al. [35] com-
bined Au nanospheres (NSs) with nanorods (NRs) which resulted
in two resonant peaks with the absorption ranging from visible to
near infrared (NIR) region. Through systematic analysis on film’s
extinction and photoluminescence (PL) spectra, they concluded
that the integration of two types of Au NPs with the absorption
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edges covering the whole absorption spectrum is exceptionally
beneficial to the performance improvements of OPVs. This idea
was further extended by Lu et al. using a mixed doping of Ag and
Au NSs with complementary absorption spectra [18]. A ~19.6%
enhancement factor in PCE is realized in their polymer solar cells,
much better than the results achieved by respective pure doping
of Ag or Au NPs. As the best results in plasmonic OPVs [18,22], the
PCEs reach 8.67% and 8.79 + 0.15% with thieno[3,4-b]thiophene/
benzodithiophene (PTB7) and poly{|4,8-bis-(2-ethyl-hexyl-thio-
phene-5-yl)-benzo|[1,2-b:4,5-b’]dithiophene-2,6-diyl]-alt-[2-(2'-
ethyl-hexanoyl)-thieno|3,4-b]thiophen-4,6-diyl]} (PBDTTT-C-T) as
the absorbers, respectively.

In this paper, we synthesized Au NPs with a broad absorption
range of 350-1000 nm with three obvious absorption peaks of
525, 575, and 775 nm [36] covering not only the main absorption
region but also the cut-off zone of the PTB7: [6,6]-phenyl-C71-
butyric acid methyl ester (PC;;BM) active layer. We demonstrated
that the mixed Au NPs with an optimal doping concentration of
45vol% in the poly(3,4-ethylenedioxythiophene):poly(4-styr-
enesulfonate) (PEDOT:PSS) hole extraction layer (HEL) bring the
PTB7:PC71BM based cell significant performance enhancement
factors of 17.3% and 19.8% for short-circuit current density (Jsc) and
PCE, reaching 18.3 mAcm~2 and 9.26%, respectively. Our en-
hancement factors and PCE are among the highest reported results
so far for plasmon enhanced OPV devices [13,14,21,22], especially
for those using small bandgap polymer donors, e.g., PBDTTT-C-T
[22] or PTB7 [18].

2. Experimental details
2.1. Synthesis of Au NPs

The Au NPs were synthesised by a seed mediated method [36].

Preparation of seed solution: 0.25 mL of a 0.01 M aqueous so-
lution of HAuCl,-3H,0 was added to 7.5 mL of a 0.10 M hex-
adecyltrimethylammonium bromide (CTAB) solution in a conical
flask with a continuous stirring for 5 min. Next, 0.60 mL of an
aqueous 0.01 M ice-cold NaBH, solution was added into the above
mixed solution, following with a vigorous mixing for 2 min. The
solution developed a pale brown-yellow color and was maintained
in a water bath at 25 °C. This seed solution was used 2 h after its
preparation.

Preparation of growth solution: 0.6 mL of a 0.01 M aqueous
solution of HAuCl, - 3H,0 was added to 14.25 ml of a 0.10 M CTAB
solution in a conical flask. Then 210 pl 0.01 M AgNOs solution was
added into the above mixed solution. The resulting solution was
gently mixed and stirred for 1 min. Then, 90 pl of 0.10 M ascorbic
acid (AA) was added and the mixture was homogenized by stirring
gently for 10 s. The solution became colorless upon addition and
mixing of AA. Finally, 30 pl of seeded solution was added into the
growth solution, and the final solution was left undisturbed
overnight.

Au NPs were centrifugated for about three times to remove
reactants and stabilizing agents and then dissolved into aqueous
solution with a concentration of ~10'7 particles per ml before use.
The aqueous solution was removed when doping these Au NPs
into the PEDOT:PSS. The ultraviolet-visible (UV) spectra and the
morphology for the Au NPs were measured with an ultraviolet-
visible spectrophotometer (Shimadzu, UV-3600) and a transmis-
sion electron microscope (TEM) (Hitachi, HT7700). The photo-
luminescence (PL) spectra for the multilayer films were measured
with a spectrofluorophotometer (Shimadzu, RF-5301PC).

2.2. OPVs fabrication and characteristics

Solar cells were fabricated on a 180 nm-thick indium tin oxide
(ITO)-coated glass substrate. Pre-patterned ITO coated glass sub-
strates (7 /square) were cleaned with acetone, ethanol, and
deionized water for 10 min in sequence and then blown with a N,
gas flow. Before spin-coating Au NPs-doped PEDOT:PSS (Baytron
PVP Al 4083) layer or a control pure PEDOT:PSS layer, the sub-
strates were treated with Os for 3 min. The PEDOT:PSS or PEDOT:
PSS:Au NPs film was then dried at 100 °C for 20 min in a glove box
with a thickness of ~40 nm. Different Au NPs solutions were
mixed with the PEDOT:PSS aqueous solution to generate different
volume ratios of Au NPs to the PEDOT:PSS solution. The co-doping
solutions have been continuously stirred for several hours before
spin-coating the NPs-doped PEDOT:PSS film. Electron donor ma-
terial PTB7 and electron acceptor PC;1BM were purchased from
1-material Chemscitech and Nano C, respectively, and used as
received. The PTB7 and PC;;BM were mixed with a weight ratio of
10-15mg in 1 ml chlorobenzene solvent. The additive 1,8-diio-
doctane was then added into the PTB7:PC;;BM active solution
with a volume ratio of 3:97. The blend layer with a stirring time of
about 2 days was then spin-coated onto the PEDOT:PSS or NPs-
doped PEDOT:PSS layer at a rotation rate of 1100 rpm for 60 s,
forming a thin film of ~100 nm. The wet films were dried in
covered glass petri dishes for about 0.5 h. Then the active layer-
coated samples were directly transferred into the chamber with-
out exposing air to thermally deposit a thin LiF and a thick Al
cathode at 5 x 10~*Pa, forming cells with the effective area of
0.05 cm?. The measurements on the current density-voltage (J-V)
characteristics and the incident photon-to-electron conversion
efficiency (IPCE) curves were operated using a Keithley 2400
source meter under 100 mW/cm? illumination (AM 1.5 G, Oriel
Sol3A, 300 W) in an atmosphere environment and room tem-
perature without further encapsulation.

2.3. Simulation work

Main contributions of different shapes and sizes Au NPs to the
mixed absorption spectra in Fig. 2 have been confirmed through
the calculation of the absorption cross sections (ACSs) with a finite
difference time domain (FDTD) method (FDTD software from Lu-
merical Solutions Inc.) [36]. Scattering cross sections (SCSs) with
and without Au NPs have also been simulated to observe the Au
NPs’ contribution to the light scattering in the cells. Both the ACSs
and SCSs have been calculated with periodic boundary conditions
for X and Y axes and perfectly matched layer for Z axis (assuming a
distribution period of 200 nm for both X and Y axes and a non-
periodic distribution for Z axis). Here, we also assumed that the
longitudinal axes of the bone-like and rod shape NPs are all along
with X axis or lie in the PEDOT:PSS layer. The total-field scattered-
field (TFSF) light source is used to calculate ACSs/SCSs and both the
TFSF light source and the mesh region are slightly larger than the
distribution period length in X and Y directions. It is noted that the
space setting for the absorption cross section is inside the TFSF
light source, while that for the scattering cross section is larger
than the TFSF light source. The override mesh sizes setting is 0.5,
0.5, and 0.5 nm for X, Y, and Z axes, respectively, which is small
enough for getting an accurate result.

3. Results and discussion

The TEM image for these NPs is shown in Fig. 1(a). From the
statistics on 400 Au NPs in the TEM image, we find that bone and
rod shapes occupy a high percentage of 66%, while cube and ir-
regular sphere shapes are 18.5% and 15.5%.
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Fig. 1. The TEM image of the Au NPs (a), statistics on the numbers of bone-like and rod (b), cube and irregular shapes (c) and Au NPs from analysis on 400 particles in TEM

image, and the absorption spectrum (d) for the Au NPs.

Although mixed shapes, the synthesis method still shows a
good reproducibility with an only slight shift of within +5 nm in
absorption peak if the synthesis condition is rigorous controlled.
And the NPs we used here contain a majority of bone-like and rod
shape with longitudinal/transverse ratios of 2.5-4.0, with detailed
statistics data for different ratios being shown in the histogram of
Fig. 1(b). While for cube and irregular sphere shape Au NPs, they
are mainly composed of 15-30 nm side lengths/diameters, with
size distributions being shown in Fig. 1(c). These mixed NPs gen-
erate wide absorption spectra covering the visible-to-NIR region
with three LSPR peaks of 525, 575, and 775nm, as Fig. 1
(d) measured in aqueous solution. Simulations with a FDTD
method on the ACSs of bone-like, rod and cube shape Au NPs
demonstrate that the absorption around 775 and 525 nm is mainly
from the longitudinal and transverse axes’ resonances of both
bone-like and rod shape NPs, while the 575 nm peak is mainly
originated from the resonances of cube shape NPs [36]. Note that
in the real devices, Au NPs were doped into the PEDOT:PSS HEL.

Thus a redshift in absorption spectra should be taken into account
due to a higher refractive index of PEDOT:PSS (~1.5) than water
(~1.3). In order to estimate this shift, we simulated the ACSs of
some representative NPs, e.g., the bone-like Au NPs with long-
itudinal/transverse axis of 45/13 nm and the end width of 15 nm,
the rod ones with longitudinal/transverse axis of 46/12 and 40/
14 nm, and the cube one with a side length of 22 nm with results
shown in Fig. 2. The results indicate that the absorption spectra of
bone/rods and cubes in the films show ~40 and ~55 nm redshifts
compared to those in aqueous solution. That means that the
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Fig. 2. Comparison the ACSs for Au NPs in the PEDOT:PSS film with those in water.

resonance peaks of ~575 and ~770 nm in aqueous solution will
move to ~615 and ~825 nm in the film, respectively, covering not
only the whole absorption band of PTB7: PC;;BM, but also its cut-
off edge at ~800 nm. According to Hsiao’s analysis [35], our mixed
NPs will result in an effective absorption increase in the active
layer and thereby an improvement in solar cell performance.

In order to verify our theory, a series of OPV cells were fabri-
cated with different NP concentrations in the PEDOT:PSS HEL. The
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Fig. 3. J-V curves under (a) 100 mW cm~? illumination and (b) dark conditions, and (c) IPCE characteristics with different Au NPs doping concentrations.

Table 1
Device photovoltaic parameters with different Au NPs doping concentrations.

NP’s concentration (vol%) Voe (V) Jse (MA/cm?) FF PCE (%) Rs (ohm cm?)

w/0 0.750 + 0.005 15.6 + 0.4 0.66 +0.01 7.73 £ 0.15% 6.2
3 0.750 + 0.005 173402 0.67 +0.01 8.60 +0.13% 6.1
45 0.743 + 0.005 183+0.2 0.68 +0.015 9.17 + 0.09% 40
6 0.744 + 0.005 17.5+0.3 0.66 +0.015 8.73+0.15% 6.3

200 electrical performances for different NPs concentrations of 0, 3,

4.5, and 6 vol% under AM 1.5 illumination and dark conditions are

AAAAAAA s assasbsbass shown in Fig. 3(a) and (b). From the J-V curves in Fig. 3(a) and the

160 results summarized in Table 1, one finds that for the cell with an

optimal doping concentration of 4.5vol%, Js. increases from

15.6 mA/cm? without Au NPs to 18.3 mA/cm?, showing a sig-

< 1204 nificant improvement factor of 17.3%. When deviating from the

S optimal doping concentration, Js. begins to decrease. With a low

E, —=— W/O NPs doping concentration of below 5%, the fill factor (FF) shows a slight

_;‘:1 80 4 e 3vol% NPs increase, and then gradually declines with a further increased

4.5 vol% NPs doping ratio, with a similar trend to the previously reported re-

o sults [13,37]. With the optimal NP concentration, the average PCE

40 - ~ v 6vol% NPs is (9.17 +£0.09)% (with a maximum of 9.26%), an improvement of

18.6 +3.6% from the standard device (PCE=7.73 + 0.15%). The

corresponding incident photon-to-electron conversion efficiency

0.4 0.6
Voltage (V)

Fig. 4. Photocurrent density vs effective voltage for the OPVs with different Au NPs
doping concentrations.

0.2 0.8 1.0

(IPCE) curves with different NP doping concentrations (Fig. 3(c))
exhibit an improvement in a wide wavelength ranging from
350 nm to 800 nm over that in the standard device, consistent
with as-measured J-V characteristics and show a similar trend to
other reports using metal NPs [12,21,38]. For comparison, we also
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fabricated devices with pure nanorods doped in the HEL layer. The
device performances are not as good as those with mixed shape
NPs, which will be published elsewhere.

Photocurrent density (Jpn) versus effective voltage (Veg) char-
acteristic curves were calculated to investigate photogenerated
excitons (Fig. 4). Based on Jpn=(qGmaxL (where g and L are the
electronic charge and the active layer thickness), Gy,ax is calculated
with a 100 nm active layer thickness [39]. Assuming that all the
photogenerated excitons are dissociated into free charge carriers

and collected by electrodes at a high Vg region, the Gpax values for
0, 3, 4.5, and 6vol% NPs-doped devices are 1.01 x 10?2 m~3/s,
113 x 102 m—3/s, 118 x 102 m~3[s, and 116 x 102 m~3/s, re-
spectively. Because the value of Gn.x is only limited by total
amount of absorbed incident photons [12,40,41], the enhanced
values suggest that incorporating mixed Au Doping NPs into
PEDOT:PSS increases the degree of light harvesting in the active
layer, which is further confirmed with a significant enhancement
in the absorption spectra (Fig. 5(a)) for the multilayer films of
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PEDOT:PSS:NPs/PTB7:PC71BM compared with the control one
without NPs over a wide range of 350-800 nm. From Fig. 5(a), we
also observe that the absorption magnitude continues to increase
accompanied with the increase in Au NPs concentration. The
measurement on the PL spectra also proves that the Au LSPR-in-
duced absorption enhancement further brings a stronger PL in-
tensity of the active layer, as can be seen in Fig. 5(b), indicating no
direct contact between the Au NPs and the active layer.

The electromagnetic field inside the cells was calculated in

order to study the influence of Au NPs on internal light field inside
devices. Due to a far larger intensity for the electric field than the
magnetic field, only electric field intensity is given in Fig. 6. And
since bone-like shape Au NPs show a similar local field char-
acteristic with Au nanorods if they have the same longitudinal/
transverse ratio, here only Au nanorods were simulated. Using Au
NPs causes a different localized field enhancement around NPs at
the wavelengths of 400, 500, 600, 700 nm and at different posi-
tions on X axis. Here, a Au nanorod with longitudinal and trans-
verse axes of 46 and 12 nm is used for simulation, where 0, 17, and
23 nm that correspond to nanorod’s center, shoulder and end.
Inset of Fig. 6(a) is a cartoon of a Au NP in rectangular coordinate
system, where Z axis is along the incident light propagation di-
rection and perpendicular to the film. Here, considering of most
nanorods lie in the film (deduced from SEM image), the long-
itudinal axis of Au nanorod is perpendicular to Z axis. From Fig. 6
(a), Au NP induces an increase in internal field almost in the whole
PTB7:PC;1BM active layer at 400 nm with a factor of 16.6% by in-
tegrating the electric field in the active layer (from 20-120 nm on
X axis). In contrast, the electric field in the active layer shows a
negligible change at other wavelengths, e.g., 500-700 nm. Besides,
one finds that the electric fields at 600 and 700 nm not only show
significant enhancements around the NPs but also extend into the
active layer. For instance, at the center of Au NPs (X=0), the
electric field doping with Au NPs keeps a higher intensity from
—20 to 65 nm than that without NPs due to LSPR directly from
NPs (Inset of Fig. 6(c)). In the case of 700 nm, at both X=0 and
17 nm it occurs the phenomenon of the enhanced field in the
PTB7:PC;1BM layer although the field decreases rapidly. Similar
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Fig. 9. The J-V characteristics for (a) single-electron and (b) single-hole devices. (c) Current injection density vs voltage for the OPVs with Au NPs directly spincast onto the

ITO anode.

Fig. 10. The surface AFM images for (a) the pure PEDOT:PSS film (R,=1.05) and (b) 4.5 vol% Au NPs-doped PEDOT:PSS film (R,=1.11).

enhancements in electric field around Au nanocube are also ob-
served not only at 400 nm in the whole active layer but also at 600
and 700 nm in the active layer near Au nanocube, as shown in
Fig. 7. Note that the electric field enhancement induced by Au
nanocube is much more significant than that by Au nanorod.
Analysis on the results indicates that the increase in the internal
light field is very beneficial to the improvement of the active

layer’s absorption, thus resulting in the Ji. and PCE increase.
Beside Au NPs-induced absorption and light field change in the
active layer, it should be noted that light scattering from these Au
NPs also gives rise to a longer light path and thereby a further
improved light absorption in OPV cells. To study scattering influ-
ence from these Au NPs, we simulated the scattering cross sections
of primary Au NPs with the FDTD software. The detailed parameter
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Fig. 11. The GIWAXS patterns of PTB7:PC7,BM thin films on the PEDOT:PSS layer (a) with 4.5 vol% and (b) without Au NPs. (c) The corresponding intensity integrals vs q

along horizontal axis.

settings are described in experimental details. Compared to the
control cell without Au NPs, scatterings from Au NPs with bone-
like, rod, and cube shapes give significant enhancement factors of
1019-10" (Fig. 8), indicating a substantial contribution from NP
light scattering.

Other possible factors, e.g., changes in the hole extraction and
transport ability and morphology induced by Au NPs, may also
influence the device performance. In order to investigate the Au
NPs influence on the hole extraction and transport ability of the
PEDOT:PSS film, single-hole and single-electron devices with the
structures of ITO/PEDOT:PSS (~40 nm, with 4.5 vol% or without
Au NPs)/Al and ITO/LiF (1 nm)/PEDOT:PSS (~40 nm, with 4.5 vol%
or without Au NPs)/LiF/Al were fabricated.

The J-V curves shown in Fig. 9(a) and (b) indicate that the in-
corporation of Au NPs does not obviously affect the electron in-
jection/transport ability of the PEDOT:PSS film, however, their
occurrence improves the hole current in the hole-dominated de-
vice. It may be attributed to a slightly higher work function of Au
(5.4 eV) than the highest occupied molecular orbital (~5.2 eV) of
PEDOT:PSS, providing a better hole injection at the ITO/PEDOT:PSS
interface [42,43]. However, this explanation is excluded by the
unchanged injected current for devices with Au NPs spin-cast di-
rectly onto ITO (Fig. 9(c)). Thus Au-induced shallow impurity en-
ergy levels [42,43] in the PEDOT:PSS film play an important role in
increasing hole transport and decreasing the bulk resistance of
PEDOT:PSS (from 1250 to 1150 Q cm?) and this point is also sup-
ported with the dark J-V curves in Fig. 3(b), in which the Au NPs-
doped cells show higher current densities than the standard one.

As shown in Fig. 10, the morphology changes of the PEDOT:PSS
layer with 4.5 vol% and without Au NPs were measured by ap-
plying atomic force microscopy (AFM) on the surface of the PED-
OT:PSS and PEDOT:PSS:Au NPs films. With the utilization of the Au
NPs, we observe a slight change of the surface morphology for the
NPs-doped PEDOT:PSS film, with an increase in surface roughness
(R,) from 1.05 nm to 1.11 nm. This slightly increased anode surface
roughness does not significantly increase the interface area of the
anode/active layer and not reduce the hole travelling routes to-
wards the anode, thus no obvious J,. increase induced by the film’s
surface roughness. Grazing incidence wide-angle X-ray scattering
measurements were also carried out at Beamline 23 A at the Na-
tional Synchrotron Radiation Research Center, Hsinchu with a
10 keV beam in order to investigate the effect of Au NPs doping on
the molecular packing within the active layer [44]. Scattering
patterns for the active layer on PEDOT:PSS films with and without
Au NPs (Fig. 11) exhibit similar features with PTB7 (100) lamellar

ring located at q~0.32A~! and PC;s1BM amorphous ring at
q~ 132 A~ There are no obvious changes in scattering ring in-
tensity, position and width, which suggest that no significant
molecular packing change is induced by Au NP doping.

4. Conclusion

In conclusion, the as-synthesized Au NPs generate wide ab-
sorption spectra of 350-1000 nm due to mixed bone-like, rod, and
cube shapes. We doped these NPs into the PEDOT:PSS HEL to
improve photovoltaic performance in PTB7:PC;1BM based solar
cell. With the optimal doping concentration of 4.5%, the best
performing cell achieves a Js. of 18.3 mA cm~2 and a PCE of 9.26%,
17.3% and 19.8% enhancement compared to the standard sample
without Au NPs doping, the highest reported so far for plasmonic
polymer solar cells to our knowledge. Detailed optical, electrical,
and morphological characterizations indicated that the cell per-
formance improvement is mainly due to the LSPR- and scattering-
induced absorption enhancement of the active layer. Au doping-
induced bulk resistance decrease of poly(3,4-ethylenediox-
ythiophene):poly(4-styrenesulfonate) is found to facilitate exciton
dissociation, hole transport and collection. This study suggests an
efficient route to further push the PCE of high-efficiency solar cells
made of low bandgap co-polymer with mixed shape Au NPs for
wide-spectra plasmonic enhancement.
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