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1 Introduction 
Within Prima, we have endeavored to demonstrate state-of-the-art solar cells that are able to still receive an added 
performance benefit by equipping them with metallic nanostructures suited to plasmonic enhancement. Within 
this delieverable 3.5, we demonstrate that such an effect is possible for organic solar cells. Furthermore, we want 
to be sure that the improvement can only be assigned to an origin that is plasmonic in nature, and therefore have 
designed experiments so as to be unambiguously in this regard. 

2 Results and discussion 
In this work, we have made use of metallic nanostructures on the rear-side, which presents significant 
technological challenges as organic semiconductors are notoriously very sensitive to any processing on top of 
them. 
 
The control device architecture used for this study is shown in Fig. 1. The indium tin oxide (ITO) layer, which 
acts as the cathode, is separated from the 220 nm thick poly(3-hexylthiophene) : indene-C60 bisadduct 
(P3HT:ICBA) active layer by a ZnO electron transport layer. On top of the active layer, a MoOx hole transport 
layer and a 200 nm thick Ag layer are deposited to form the rear electrode.  This device architecture with its flat 
Ag electrode acts as reference device. It has an efficiency of 5.28%, with a short-circuit current of 9.86 mA/cm2, 
an open-circuit voltage of 780 mV, and a fill factor of 68%. 
 

 
 
 
 
 
In order to enhance the device efficiency of this reference cell by plasmonic absorption enhancement, we 
fabricated devices that consist of the same cathode and active layer, but have a plasmonic nano-patterned MoOx 
hole transport layer and Ag rear electrode. The nano-patterning of these layers was obtained by hole-mask 
colloidal lithography (HCL).[1] The first step of the HCL process involves the deposition of polystyrene nano-
beads with a diameter of 140 nm on top of the P3HT:ICBA active layer. Because of their negative surface charge, 
these polystyrene beads repel each other, such that they form a non-closed-packed monolayer on the active layer 
surface. During the subsequent deposition of the MoOx hole transport layer, the beads act as miniature shadow 
masks. Once the beads have been removed by adhesive tape, the MoOx layer thus features holes with a diameter 
slightly larger than that of the beads. Finally, a 200 nm thick Ag layer is deposited to form the anode. As the Ag 
fills the holes in the underlying MoOx layer, we obtain a nano-patterned Ag layer, as shown in Fig. 2. 
 
 

Figure 1: Schematic of the reference device and molecular structures of the active layer materials. 
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The processing on top of the organic active layer is not trivial as we have to take care that this layer is not 
damaged. The comparison between the reference device and a device that has exactly the same layer structure, 
but was exposed to the conditions involved in the HCL process (i.e. exposure to air and water-based solutions) 
shows that the steps involved in the HCL process do not compromise the electrical and optical properties of the 
organic semiconductor materials, as evidenced by the nearly identical current density vs. voltage curves of the two 
devices (Fig. 3).  

 
 
 
 
 
By adjusting the MoOx layer thickness, we could tune the scattering spectra of the plasmonic nano-patterned Ag 
electrode. The P3HT:ICBA active layer absorbs light very efficiently up to wavelengths of 620 nm,  as evidenced 
by a low total reflectance of the device shown in Fig. 4. For this reason, the most promising spectral region for 
plasmonic absorption enhancement is the red absorption tail at wavelengths between 620 and 750 nm (area 
shown with red rectangle). 
 

 Figure 2: SEM cross-section (left) and schematic (right) of the  
organic solar cell containing a nano-patterned Ag rear electrode. 
 

 Figure 2: SEM cross-section (left) and schematic (right) of the  
organic solar cell containing a nano-patterned Ag rear electrode. 
  

Figure 3: Current density vs. voltage curves of the reference device (black curve) and a 
device with the same layer structure that was exposed to air and water-based solutions 
(red curve). 
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As MoOx layer thicknesses of 115 to 155 nm were found to have the highest scattering efficiency at these 
wavelengths, we fabricated solar cell devices with nano-patterned Ag electrodes with these layer thicknesses and 
found an efficiency optimum for a MoOx layer thickness of 135 nm.  A direct comparison between the external 
quantum efficiency (EQE) of this device and the reference device with a flat Ag electrode and a 5 nm thick 
MoOx layer is shown in Fig. 5. As expected, the quantum efficiency is not significantly enhanced at wavelengths 
below 620 nm. In the red absorption tail between wavelengths of 620 and 750 nm, however, we see an 
enhancement with a factor of up to 2.1. Overall, this device has an efficiency of 5.56%, with a short-circuit 
current of 10.29 mA/cm2, an open-circuit voltage of 790 mV, and a fill factor of 68%. 
 

 
 
 
 
 
 
In order to unambiguously assign this enhancement to a plasmonic origin, we conducted an optical study of the 
rear electrode in a layer structure analogous to that of the solar cell structure, but without the active layer 
absorption. This was accomplished by replacing the absorptive P3HT:ICBA layer with another polymer, 
poly(methyl methacrylate), or PMMA. The experimental results can be seen in Fig. 6(a). The flat reference sample 

Figure 4: Total reflectance of the reference device. The low reflectance at wavelengths 
between 300 nm and 620 nm indicate that most of the light is absorbed by the P3HT:ICBA 
active layer in this wavelength range. The red absorption tail of the active layer materials is 
indicated by a red rectangle. 

Figure 5: External quantum efficieny (EQE) spectra of the reference device (solid black 
curve) and a device with a nano-patterned Ag electrode and a MoOx layer thickness of 
135 nm (solid red curve). The EQE enhancement factor is shown as a dashed black 
curve. 
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is shown to possess very limited scattering efficiency, as expected for a flat film. On the other hand, the 
nanostructured rear electrodes are demonstrated to scatter light very effectively, and the spectrum of the scattered 
light appears to be very sensitive to the thickness of the MoOx layer, which defines the height of the protruding 
metal features. In particular, multiple peaks are observed, and they red-shift with increasing protrusion height. 

 
 
 
 
 
 
 

 
In an effort to better understand and explain these spectra, we performed three dimensional finite difference time 
domain (3D FDTD) simulations of the protrusions. These simulated spectra are shown in Fig. 6(b), and can be 
easily seen to be in good agreement with the experimentally measured ones. And by considering the 
electromagnetic field intensity profile in the vicinity of the protrusion at various wavelengths (Fig. 7), we can 
assign the various peaks to different mechanisms. The high energy peak (I) is assigned to a localized tip mode 
that does not vary considerably with protrusion height, in agreement with the data. The next peak (II), at λ = 550 
nm to λ = 700 nm in the experiment and from λ = 500 nm to λ = 800 nm in the FDTD simulations as the MoOx 
thickness increases. Finally, for the thicker layers, a narrow, intense quadrupole resonance (III) appears. In the 
FDTD simulations, it is clearly separated from the tip resonance and is centered between λ = 500 nm and λ = 
580 nm, depending on the MoOx thickness. In the experiment, this resonance is centered between λ = 420 nm 
and λ = 480 nm and is damped by size and shape inhomogeneities, which causes an overlap with the tip 
resonance.  

Figure 6: (a) Measured and (b) simulated light scattering spectra of flat (‘Reference’) and 
nanostructured MoOx/Ag layers on glass/PMMA. The labels of the curves in (a) indicate the 
thickness of MoOx layer in nm. The simulation results were obtained using the cross section as 
shown in the inset to (b). The numbers in the inset indicate distances in nm. The plane-wave is 
incident through the PMMA layer, with its electric field (E0) and propagation (k) vector as 
indicated by arrows. 
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3 Conclusions 
 
In summary, we successfully nano-patterned the Ag rear electrode of an organic solar cell by performing hole-
mask colloidal lithography on top of the active layer without compromising its electrical properties. By tuning the 
plasmonic light scattering of the nano-patterned electrode, we could enhance the quantum efficiency of a state-
of-the-art P3HT:ICBA solar cell in the red absorption tail of the active layer materials by up to a factor of 2 
without reducing the quantum efficiency at other wavelengths, such that we enhanced the overall device 
efficiency from 5.28% to 5.56%. 
 
For more information, the interested reader is encouraged to view the peer-reviewed article stemming from these 
results: “Plasmonic efficiency enhancement of high performance organic solar cells with a nanostructured rear 
electrode,” B. Niesen, B.P. Rand, P. Van Dorpe, L. Tong, A. Dmitriev, P. Heremans, Adv. Energy Mater., 
doi:10.1002/aenm.201200289 (2012). 
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Figure 7: The simulated |E|2 of a Ag protrusion at the spectral positions indicated by roman 
numerals in Fig. 6 for a MoOx thickness of 130 nm. 


