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 Polymer solar cells hold the promise for a cost-effective, light-
weight solar energy conversion platform, which can benefi t from 
simple solution processing of the active layer. [  1–3  ]  At present, 
bulk hetero-junction polymer solar cells show power conver-
sion effi ciency (PCE) close to or over than 8%. [  4–10  ]  However, 
the quantum effi ciency of polymer solar cells is mainly limited 
due to the comparatively low carrier mobility and charge recom-
bination. [  1–3  ]  A thinner active layer can lower the probability 
of charge recombination and increase the carrier drift velocity 
by having higher electric fi eld, thus enhancing the internal 
quantum effi ciency, while a minimum fi lm thickness is always 
required to ensure suffi cient photon absorption. [  11  ,  12  ]  Therefore, 
how to increase the light absorption of a polymer fi lm at a lim-
ited thickness of fi lm still remains as a challenge. The incor-
poration of plasmonic structures with photovoltaic devices has 
been shown to increase solar cell photo-current and may lead to 
new opportunities for inexpensive, and high effi ciency solar cell 
designs. [  13–20  ]  Recently, metallic nanostructures have been intro-
duced into thin inorganic semiconductor solar cells (e.g. Si and 
GaAs solar cells) for highly effi cient light harvesting by strong 
light scattering behavior and concentrated near fi eld through 
the localized and surface plasmonic effects of different metallic 
nanostructures. [  12–17  ]  More recently, metallic nanostructures 
have been used to enhance the performance of bulk heterojunc-
tion polymer solar cells, such as introducing the localized plas-
monic nanostructure of metallic nanoparticles (NPs) in carrier 
transport layer, [  18–22  ]  incorporate into active layer of bulk junc-
tions, [  23–25  ]  both carrier transport layer and active layer [  26  ]  and 
most of them are concentrated on wide band-gap polymer, such 
as poly-3(hexylthiophene) (P3HT). Importantly, low bandgap 
polymer can cover a broad absorption range, it is therefore 
attractive if we can enhance the PCE of low bandgap polymer 
solar cell by plasmonic structure. In this study, the low bandgap 
polymer benzodithiophene polymers (PTB7) [  6  ]  is used to dem-
onstrate the surface plasmonic effects of large-area metallic 
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grating on patterned active layer. By patterning the active layer 
via a simple imprinting technique [  26  –    29  ]  and coating metal oxide/
Ag, grating electrode is introduced to enhance optical proper-
ties of polymer solar cells. For a strict comparison, we fi rstly 
optimize the unpatterned polymer solar cell structures. About 
10% of short current density improvement is obtained, and PCE 
achieves 7.73% for the plasmonic inverted solar cells with the 
low-bandgap polymer as the active layer. An observable improve-
ment in PCE is mainly ascribed by the surface plasmonic and 
scattering effects due to the Ag grating. 

 To demonstrate surface plasmonic effects in low bandgap 
polymer solar cell, high performance PTB7 was adopted due 
to its broad absorption. [  6  ]  In this study, inverted structure 
based polymer solar cells were used to demonstrate plasmonic 
effects. The device structure is ITO/ZnO nanoparticles (NPs)/
PTB7:PC 71 BM/MoO 3 /Ag, where the thickness of ZnO, active 
layer, MoO 3  and Ag are 30 nm, 100 nm, 8 nm and 100 nm, 
respectively. The ZnO nanoparticles function as an electron 
transport layer (ETL), the thin MoO 3  layer has dual roles of a 
hole transport layer (HTL) and a buffer layer to avoid carrier 
recombination due to direct contact between the metal and 
active layer. It is worthy to note that the thin MoO 3  layer can 
favor the plasmonic coupling between the active layer and 
Ag electrode. Since the surface of active layer is usually very 
smooth due to its excellent phase separation, and the surface 
roughness is lower than 5 nm, it is very hard to excite surface 
plasmon due to momentum mismatch. [  14  ,  30  ]  

 To introduce surface plasmonic effects in solar cells, we pro-
pose to pattern the active layer by simple imprinting technique, 
and then metal oxide/metal are coated on the active layer to 
form metal nano-grating for back contact electrode. The grating 
structures can also fulfi ll the momentum matching condi-
tions through the Floquet (Bloch) modes supported in periodic 
structure (the theoretical studies will be detailed later), and 
can be utilized to excite surface plasmons. The scheme of the 
patterned devices is shown in  Figure    1  . Firstly, ZnO NPs and 
active layer were spin coated in sequence on glass/ITO sub-
strate in succession, and then polydimethylsiloxane (PDMS) 
pattern were layered on active layer. After imprinting, the pat-
tern was lifted off and then MoO 3 /Ag fi lm was deposited on 
the active layer to form metal grating. For realizing an effective 
coupling of the very strong near fi eld of surface plasmon reso-
nances from metallic grating into the active layer, the thickness 
of MoO 3  should be thin enough. Meanwhile, a certain thickness 
of MoO 3  layer is needed such that the MoO 3  layer to function as 
a buffer layer for eliminating the direct contact between metal 
and active layer. Consequently, in this study, 8 nm thickness of 
MoO 3  is used for fulfi lling these requirements simultaneously.  
bH & Co. KGaA, Weinheim 1203wileyonlinelibrary.com
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     Figure  1 .     The scheme of patterned polymer solar cells, (a) spin coating ZnO nanoparticles on 
ITO substrate, (b) spin coating active layer on ZnO nanoparticles, (c) imprinting PDMS pattern 
on active layer, (d) Lift off PDMS pattern, and (e) deposited MoO 3  (8 nm)/Ag (100 nm) on 
active layer to form metal grating.  
 In order to study the morphology change of the active layer 
before and after patterning, atomic force microscopy (AFM) 
measurement has been carried out for active layers before and 
after patterning, and the images are shown in  Figure    2  (a) and (b), 
respectively. It can be clearly seen that a pattern has been formed 
on the surface of the active layer after the imprinting process. 
The three dimensional images of the active layer before and after 
patterning are also shown in Figures  2 (c) and (d), respectively. 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhwileyonlinelibrary.com

     Figure  2 .     Atomic force microscopy (AFM) images of active layer (a) before pattering and 
(b) after pattering, the 3D images of active layer (c) before pattering and (d) after pattering.  
It can be found that the active layer are very 
smooth before patterning and the rough-
ness is less than 5 nm, while the grating 
with width and height of 700 and 40 nm, 
respectively, are formed after imprinting. 
For comparison, the AFM image of PDMS 
template pattern is shown in Figure S1, 
the width and height of the template pattern is 
about 700 and 80 nm, respectively, indicating 
the pattern has been successfully transferred 
onto the active layer. It should be noted that 
the height (40 nm) of transferred pattern is 
very suitable for demonstrating surface plas-
monic effect devices. It is because, fi rstly, the 
height is smaller than the active layer thick-
ness ( ∼ 100 nm), our pattern will not lead to 
short-circuit for the devices. Secondly, com-
bined with the virtue of the thin metal oxide 
layer, metal fi lm coating will duplicate the 
morphology of the active layer pattern to form 
metal grating for excitation of surface plasmon.  
 To illustrate the effects of the metal grating on the perform-

ance of polymer solar cells, the current density versus voltage 
( J–V ) characteristics of the solar cells were taken under AM1.5G 
100 mW cm  − 2  illumination as shown in  Figure    3  (a), and photo-
voltaic parameters are listed in  Table    1  . As shown from the 
result, after patterning the active layer, the short current den-
sity ( J  SC ) of the devices enhance signifi cantly from 14.05 to 
15.50 mA/cm 2 , in which the enhancement 
ratio is as high as 10%. Consequently, the 
PCE increases from 7.20 to 7.73%. These 
results have been confi rmed by reproducing 
experiments. To our knowledge, this is the 
fi rst time for observing the obvious  J  SC  and 
PCE enhancement in high performance 
low bandgap solar cells with metal grating. 
In order to study the effect of short current 
enhancement, the external quantum effi -
ciency (EQE) of the device with and without 
pattern are measured, and the corresponding 
results are shown in Figure  3 (b), it can be 
found that the EQE signifi cantly improves, 
and the maximum EQE increases from 65% 
to 70% at about 620 nm (it should be noted 
that the short-circuit current measured under 
the irradiation of sun simulator and inte-
grated from EQE is within the rational error). 
The EQE enhancement ratio before and 
after patterning is also plotted in Figure  3 (b) 
to distinguish which part contributed to 
the enhancement, it can be seen the EQE 
enhancement cover all the range from 350–
800 nm, and the larger enhancement located 
at around 350, 420 and 770 nm.   

 As we known, the EQE is determined by 
two parts, including absorption and internal 
quantum effi ciency (IQE). To further verify 
the reasons of EQE enhancement, fi rstly, 
the absorption spectrum (extracted from 
eim Adv. Energy Mater. 2012, 2, 1203–1207
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     Figure  3 .     (a) The current density versus voltage ( J–V ) characteristics of the solar cell were 
taken under AM1.5G 100 mW cm  − 2  illumination, (b) External quantum effi ciency (EQE) of the 
devices with and without pattern, and EQE enhancement, (c) Refl ected absorption spectra of 
the devices with and without pattern, Ag fi lm on PDMS pattern, and absorption enhancement, 
and (d) Internal quantum effi ciency of the devices with and without pattern.  
refl ection spectrum (R) by 1–R) of the devices with and without 
are shown in Figure  3 (c), and it is considered that the absorption 
is mainly from the active layer. It can be found that the device 
absorption signifi cantly enhances after patterning, and the 
maximum absorption improves from 80% to 90%. The absorp-
tion enhancement ratio is also plotted in Figure  3 (c). We can 
see that the enhanced absorption covers the wavelength range 
from 350 nm to 800 nm, and the enhancement peaks locate at 
around 350 nm, 420 nm and 770 nm which are consistent with 
EQE enhancement. These similar behaviors between EQE and 
absorption indicate that the EQE enhancement comes from 
absorption enhancement. To explore the original possibility of 
absorption enhancement, the absorption (1-R) of Ag fi lm depos-
ited on pattern is measured and the results are also shown in 
Figure  3 (c). The main peak is 425 nm, and the other two peaks 
around 350 nm and 700 nm. To carefully eliminate the grating 
effect itself, the refl ection of PDMS pattern is also measured and 
the results can be found in the Figure S2. It is found that the 
PDMS pattern only shows an absorption peak at 370 nm. There-
fore, the absorption features of Ag grating on PDMS pattern are 
the intrinsic features from Ag grating itself. It should be noted 
that the 1-R peak of the Ag fi lm on PDMS pattern at 700 nm is 
due to surface plasmonic resonance. After fabrication of device, 
due to the change of optical environment, we obtain surface 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

   Table  1.     The devices performance with and without pattern. 

Devices V oc  
[V]

J sc  
[mA/cm 2 ]

FF 
[%]

PCE 
[%]

Un-patterned 0.726 14.05 70.62 7.20

Patterned 0.720 15.50 69.08 7.73
     Figure  4 .     Simulate
and (b) 770 nm.  

Adv. Energy Mater. 2012, 2, 1203–1207
plasmonic resonance at around 770 nm as 
shown in Figure  3 (c). 

 In order to investigate whether IQE has any 
contribution to the EQE enhancement, the 
IQE data have been deduced from EQE and 
refl ected absorption shown in Figures  3 (b) 
and (c), respectively, and the results are 
shown in Figure  3 (d). It can be found that 
the IQE curve are similar before and after 
patterning, indicating the EQE enhancement 
after patterning are mainly from absorption 
enhancement. Considering the absorption 
enhancement peak is very consistent with 
the Ag grating refl ection peak, inferring that 
absorption enhancement is due to the effect of 
silver grating due to plasmonic and scattering 
effects. We also conduct theoretically studies 
on the optical effects of the polymer solar 
cells with Ag grating. The modeled results 
show that experimental EQE (absorption) 
enhancement peak (in Figure  3 ) at 350 nm is 
due to waveguide mode. [  32  ]  The enhancement 
at around 425 nm is due to Wood’s anomaly 
which can be characterized from the peak of 
power fl ux along the grating, [  31  ]  the simulated 
near fi eld distribution at 425 nm is shown in 
 Figure    4  (a). The enhancement peak at about 
1205eim wileyonlinelibrary.com

d near fi eld distribution of metal grating at (a) 425 nm 
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770 nm is due to surface plasmon resonance. The resonance 
near fi eld profi le is also shown in Figure  4 (b). Consequently, we 
can well demonstrate and explain the EQE enhancement both 
experimentally and theoretically.  

 In conclusion, we have successfully demonstrated a highly 
effi cient surface plasmonic low bandgap polymer solar cell by 
simply imprinting active layer. The introduction of plasmonic 
metal grating back contact electrode improves the PCE of the 
low bandgap solar cell from 7.20 to 7.73%. Experimental and 
theoretical results show that the enhancement effect is attrib-
uted from local near fi eld enhancement and scattering effect. 
These results show that surface plasmonic metal nanostruc-
tures have great potential in the application of polymer solar 
cells. The proposed grating structures as an open platform can 
be applied to various polymer materials and open up the oppor-
tunities for highly effi cient solar cells.  

 Experimental Section  
 Device Fabrication : The device architecture of the patterned solar 

cell is shown in Figure  1 . The solar cells were fabricated on ITO-coated 
glass substrates, with sheet resistance of 15  Ω /�. The pre-cleaned ITO 
substrates were treated with UV-ozone. The ZnO nanoparticles was spin 
coated on ITO surface, and the thickness of ZnO is about 30 nm, and 
then active layer with PTB7 blended with PC 71 BM at a 1:1.5 weight ratio 
in 1% CB solution added with 3% DIO was spin-casted at 2500 rpm 
for 30 s on top of a layer of ZnO fi lm. After spin coating active layer, 
for patterned device, then PDMS pattern was slightly covered on active 
layer, and after evacuation in vaccum chamber for 1–2 h, the PDMS 
pattern was lifted off, and the active layer with pattern will be formed. 
And then un-patterned and pattered devices are both sent to vacuum 
chamber for MoO 3 /Ag back electrode evaporation.  

 Characterization of Photovoltaic Cells and Thin Films : The refractive 
index (n) and extinction coeffi cient (k) of PTB7:PC 71 BM were 
measured as shown in SI, Figure S3 by using a VASE ellipsometer from 
J. A.Woollam Co., Inc. The ellipsometer is operated with the antoretarder. 
The light source we used is a Xeon Arc lamp and the incident angle to the 
samples is adjusted to 65 ° , 70 °  and 75 ° . The diameter of the light spot is 
about 0.8 mm.  J–V  characteristics of photovoltaic cells were taken using 
a Keithley 4200 source unit under a simulated AM1.5G spectrum with an 
Oriel 9600 solar simulator. Absorption spectra were taken using a Varian 
Cary 50 ultraviolet–visible spectrophotometer. Atomic force microscopy 
(AFM) images were taken on a digital instruments multi-mode scanning 
probe microscope. External quantum effi ciencies were measured using 
a lock-in amplifi er (SR830, Stanford Research Systems) with current 
preamplifi er (SR570, Stanford Research Systems) under short-circuit 
conditions. The devices were illuminated by monochromatic light from 
a xenon lamp passing through a monochromator (SpectraPro-2150i, 
Acton Research Corporation) with a typical intensity of 10  μ W. The 
photocurrent signal is then amplifi ed by SR570 and detected with SR830. 
A calibrated monosilicon diode with known spectral response is used as 
a reference.  

 Theoretical Calculation : The rigorous and effi cient model has been 
developed for the metal grating polymer solar cells based on the 
rigorous electromagnetic theory through fi nite difference frequency 
domain (FDFD) approach with the staggered grids. [  31  ]  In modeling, 
the frequency-dependent refractive index measured experimentally of 
materials are used. The model is used for theoretically studying surface 
plasmonic resonances of a metal layer with periodic 2D nanogroove 
pattern in a polymer device structure. We can also discretize the 
boundary conditions through one-sided difference technique to achieve 
high accuracy. Through this model, we are able to capture not just surface 
PR modes, but also any possible waveguide modes and fl oquet modes 
etc in the device structures. Therefore, we can investigate their effects on 
© 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com
the absorption of the active polymer-blends. It should be noted that the 
oxide buffers such as ZnO and MoO 3  layer are only a few nanometer and 
they are typically transparent in the considered wavelength regions, they 
do not have any signifi cant effect on the surface plasmonic resonances.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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