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ABSTRACT— Nanostructures of noble metal 

materials have been used in organic solar cells 

for enhancement of performance and light 

trapping. In this study, we have introduced 

branched silver cauliflower-like nanopatterns as 

sub-wavelength structured metal grating in 

organic solar cells. Self-assembled fabrication 

process of branched nanopatterns was carried 

out on a bio-template of cicada wing nanonipple 

arrays using a gas aggregation dc magnetron 

sputtering nanocluster source without size 

filtration. The branched nanostructures provide 

surface gaps with dimensions near the organic 

exciton diffusion length, which prevents 

recombination of charge carriers. An increased 

power conversion efficiency of 14.8% compared 

to that of the planar device was achieved mainly 

due to the enhancement in the short-circuit 

current density. Besides, these branched 

cauliflower-like nanopatterns had enhanced 

optical light absorption in the solar cell as a 

result of enhancing the optical path length of 

the reflected light in the active layer and 

plasmonic effects of the noble metal material. 
 

KEYWORDS: Organic solar cells, Plasmonics, 

Cauliflower-like, Nanopattern. 

I. INTRODUCTION 

In recent years, organic solar cells (OSCs) 

have been a subject of increasing research 

interest due to their potential of being low 

cost, large area of production and device 

flexibility [1-7]. An effective approach to 

enhance OSCs is to increase the light 

absorption of the organic active layer without 

increasing its thickness. Several light trapping 

strategies have been used to enhance the 

photon density in OSCs including use of 

diffraction nano-gratings [3,8], photonic 

crystals [5], and plasmonic nanostructures [6, 

7]. Among these approaches, using the 

plasmonic nanostructures of noble metal 

materials for light trapping is quite promising. 

Physically, plasmonic subwavelength 

structures of noble metal materials interact 

with incident light and, thus, can  modify the 

incident wave momentum in such a way that 

the light remains trapped in the solar cell 

layers [8, 9]. 

Recently, nanostructured (NS) materials of a 

particular morphology have attracted broad 

attention in solar cell research. As one of the 

most important nanomaterials, branched NS 

materials have been widely applied in organic 

and hybrid solar cells [10-13]. In this regard, 

branched metal NS materials are of specific 

interest that arises from their unique surface-

sensitive properties, large number of multiple 

surface edges and large surface–to–volume 

ratio [14-17] . It would be also feasible to tune 
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the fascinating properties of branched 

structures such as their optical and electrical 

properties by size and shape modifications [18, 

19]. 

Template-based nanostructuring is one of the 

most promising nanometer-sized patterning 

techniques in OSCs [2,3,8,20,21]. Bio-

templates have inspired scientists to make use 

of natural nanostructures and utilize their 

especial properties [20,22, 23]. Natural surface 

nanostructures of cicada wing exhibit 

particular optical properties that originate from 

its specific surface geometry. Cicada wing 

including quasi-ordered surface nano-nipple 

arrays has been used as a replicable natural 

template [20,22,23]. Cicada wing has been 

employed as an antireflective and easily 

separable substrate from a deposited layer as a 

result of its low surface tension material that 

can serve naturally as an anti-sticking coating 

[22, 24, 25], and also as a light harvesting  in 

photovoltaic devices [26]. 

 In this study, we have explored a practical 

method to produce branched silver (Ag) nano-

cauliflower arrays on the natural template of 

cicada wing patterns. By using a gas 

aggregation nanocluster source through dc 

magnetron sputtering, the nano-cauliflower 

arrays were fabricated. This high production 

volume scheme is similar to the laser 

vaporization technique [10, 27]. We separated 

the deposited Ag layer, including branched 

cauliflowers like arrays, from the cicada wing 

template and utilized it as a nanostructured 

metallic grating back electrode in OSCs. The 

device structure was Ag cauliflower-like 

nanopatterned/PEDOT: PSS/P3HT: PCBM/Ag 

(semitransparent metal electrode). We 

demonstrated that an enhancement in optical 

absorption resulting from improvement of 

light trapping in the active layer increases the 

short-circuit current density by employing the 

branched structures on the back contact. 

Moreover, introducing of these 

nanocauliflower arrays on the back electrode 

reveals efficient capture and separation of 

excitons due to the existence of abundant 

branches on the electrode.  This provides 

preferential carrier pathways, reducing charge 

recombination and facilitating carrier 

collection in OSCs. Consequently, the power 

conversion efficiency (PCE) of OSCs with 

branched cauliflower-shaped nanostructure 

arrays is considerably improved. 

II. EXPERIMENTAL DETAILS 

A. Preparation of branched cauliflower-like 

nanopatterns 

The cicada’s wing substrates (Cryptympana 

atrata Fabricius) that had quasi-ordered 

nanonipple arrays on their surface were cut in 

5x5 mm
2
 surface areas and cleaned before use. 

To remove contaminants absorbed physically 

on the surface, the samples were sonicated in 

deionized water for about 10 minutes. The 

samples were then sonicated in acetone for 30 

minutes to remove the stains that might stick 

the wing’s nanonipples together. Finally, to 

remove residual acetone, the samples were 

sonicated in deionized water again for 20 

minutes and subsequently dried at room 

temperature. Deposition of silver nanoparticles 

(NPs) was carried out based on the gas 

aggregation procedure using the dc magnetron 

sputtering technique by a commercially 

available system (DSR1, Nanostructured 

Coating Co.). The deposition process took 

place in a vacuum chamber, and the substrates 

were fixed at 90 mm from a dc planar 

magnetron (80 mm in diameter), perpendicular 

to the cluster source axis.  

Ag nanoclusters produced by silver target in 

the magnetron sputtering source were operated 

at room temperature. The base pressure in the 

deposition chamber was ≈ 7×10
-6

 mbar. 

During magnetron sputtering with pure Ar gas, 

the pressure of 17.3×10
-2

 mbar was applied. 

The discharge power during sputtering was 

175 W, and the Ar flow rate was regulated by 

means of a mass flow controller (MKS 

Instruments) and fixed at 55 sccm (standard 

cubic centimeter/minute). 

B. Fabrication and characterization of 

OSCs 

The OSCs were fabricated on both flat glass 

substrate silver-coated and the branched silver 

cauliflower-like arrays. The cicada wings with 
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a surface area of 5×5 mm
2
 were adhered to a 

supporting plate with an organic glue (EPO-

TEK, Epoxy Technology Inc.). The deposition 

process of the Ag film was carried out as 

described in section 2.1. 

 
Fig. 1. Schematic diagram of the fabrication 

procedure of OSC with cauliflower-like 

nanostructure arrays, using the cicada wing as a bio-

template. The specification of the fabricating steps 

(a)–(e) for the back electrode layer and (f) for the 

spin-coated layers and semitransparent metal 

electrode (STME) deposited on the solar cell in the 

scheme. 

Then, a tape (Scotch Magic Tape, 104-NA) 

was adhered onto the top side of the 

cauliflower-like nanopatterned film, and the 

deposited film was separated mechanically 

with small tweezers while keeping the wing’s 

nanonipple array structures intact (Fig. 1 (d)). 

The deposited Ag layer, or the branched 

cauliflower-like arrays, was separated from the 

cicada wing substrate as described 

schematically in Fig 1. The next step is to 

transfer the Ag film to the glass substrate (Fig. 

1(e)) and, after the glue was dried at room 

temperature, the scotch tape was separated 

with a pair of small tweezers to fabricate a 

back electrode including the branched 

cauliflower-like NS arrays. 

After the fabrication of back electrodes, 

PEDOT: PSS was spin-coated (3000 rpm) on 

both sample substrates with the silver-coated 

flat glass substrate and the branched silver 

cauliflower-like arrays. Then, it was dried at 

120 
o
C for 15 minutes. A P3HT: PCBM active 

layer was deposited by spin-coating from a 

chlorobenzene solution of P3HT (RMI-001E, 

Electronic grade, Rieke Metals Inc.) and 

PCBM (99%, SES Research) mixed in a 1:0.8 

weight ratio at a spin rate of 700 rpm for 30 

seconds and dried in a glove box filled with 

argon gas. Finally, a 10-nm-thick silver piece 

was deposited under 13×10
-2

 mbar pressure by 

dc magnetron sputtering through a shadow 

mask to fabricate a semitransparent metal 

cathode electrode. In this way, a direct 

comparison between a structured cell and a 

planar cell was possible making use of similar 

deposited metal electrodes. 

The optical absorption of solar cells was 

analyzed from the diffuse reflection (R) and 

the transmission (T) spectra using 1-R-T by an 

Ultraviolet-visible (UV-Vis) spectrometer 

system (HR 4000, Ocean Optics). The current- 

voltage (J-V) characteristics were measured by 

a Keithley 2400 source meter under 1 sun (100 

mW/cm
2
) simulated AM 1.5-G illumination 

with a solar light simulator (300 W, Xenon 

lamp) calibrated by a reference Si solar cell. 

The surface morphology of the nanostructures 

was monitored using scanning electron 

microscope (SEM) images using the TESCAN 

SEM system. The AFM image was recorded in 

air using a DME dual scope (DS 95-50) 

instrument operated in the AC mode. The 

analysis of the AFM image was performed by 

using the software provided by this AFM 

system. 

III. RESULTS AND DISCUSSION 

A. Fabrication of the branched cauliflower-

like arrays 

Scanning electron microscope (SEM) images 

of the cicada wing top view (C0) and tilted 

view (C1) showed the structures of nanonipple 

arrays using the TESCAN SEM system (Fig. 

1). The height of the nanonipples with an 

average diameter of 70 nm (in C0 and C1) was 

about 300 nm, and their spacing was around 

130 nm. Three samples (i.e. cicada wing /Ag 

with three different operational conditions) 

were fabricated to illustrate the effect of 

operational conditions of dc magnetron 
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sputtering on the formation of NS arrays onto 

nanonipple arrays. 

 
Fig. 2. SEM images of the cicada wing top view 

(C0) and tilted view (C1) showing the structures of 

nanonipple arrays; the surface structures of the Ag 

nanostructures obtained in different operational 

conditions of dc magnetron sputtering (C2, C3, and 

C4); the back side of nanocauliflower arrays, the 

structure of quasi-ordered nano-hole arrays (C5) 

imprinted from nanonipple arrays onto the silver 

deposited layer. 

In the aggregation chamber, different 

conditions of Ar gas pressure and discharge 

power were applied while other parameters 

such as distance from magnetron source and 

gas temperature were kept constant. There 

emerged a 3D silver branched 

nanocauliflower-like structure. The surface 

morphology of the Ag NS obtained in different 

operational conditions (C2, C3, and C4) is 

shown in Fig. 2. The Ag nanocauliflowers on 

sample C4 have surface edges and a branched 

surface that is arranged on the substrate largely 

with an upward head direction. These 

nanocauliflowers show varying dimensions in 

the range of 200–450 nm, and have surface 

gaps with dimensions between 10 to 35 nm. 

Some cauliflowers having a larger size are 

observed further up, and some smaller ones are 

also produced and found to be located beneath 

the larger aggregates. 

 
Fig. 3. AFM surface morphology of the solar cell 

back electrode including nanocauliflower arrays 

spin-coated by PEDOT: PSS layer, 3D image of 

AFM topography analysis (Top right), 2D surface 

morphology (top left), and corresponding profile of 

the surface morphology (down). 

In sample C5, namely the back side of the 

nanocauliflower arrays, one can observe the 

structure of the quasi-ordered nano-hole arrays 

imprinted onto the silver layer deposited from 

the nanonipple arrays of the substrate 

template. The nano-holes have diameters of 

around 70 nm and an average pitch of about 

130 nm. Atomic force microscopy (AFM) 

analysis was carried out to accurately study the 

surface morphology of the solar cell back 

electrode including nanocauliflower-like 

surface features spin-coated by PEDOT: PSS 

layer. In the 2D and 3D AFM morphology 

analysis, as shown in top left and right parts 

Fig. 3, the nanocauliflower arrays on the back 

electrode are completely transferred to 

PEDOT:PSS spin-coated layer. 

Different operational conditions of the gas 

aggregation chamber and the discharge power 

for fabrication of samples C2, C3, and C4 are 

given in Table 1. Increasing the discharge 

power usually increases the mean energy of 

Ar
+
 ions in the aggregation chamber, and, 

therefore, the amount of sputtering atoms 
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increases [28]. Ar serves as the buffer gas for 

the cluster formation and is responsible for 

sputtering. An increase of the gas pressure due 

to increasing of Ar flow rate leads to a slight 

increase of the cluster size [29]. 

Table 1. Operational conditions of the gas aggregation 

chamber and the discharge power for fabrication of samples 

C2, C3, and C4 

Operational 

condition 
Sample C2 Sample C3 Sample C4 

Ar Gas 
pressure 

(mbar)   

12.8× 10-2 14.6× 10-2   17.3× 10-2 

Discharge 

Power (W) 
120 140 175 

 

It is evident that an increase in the gas pressure 

leads either to a shorter aggregation time and a 

longer cluster size or to an increase in the 

deposition rate of atoms. The charge on the 

sharp surface edges on the substrate that have 

grown up with the initial Ag particles is 

presumed to repel the subsequent incident 

particles by Coulomb force, and the following 

particles deposit on a place that has a lower 

electric repulsion force, hence creating 

aggregates with gaps between them and 

forming branched cauliflower-like structures. 

Due to the increase in the deposition rate 

which is caused by a change in the Ar gas 

pressure and the discharge power in the 

aggregation chamber, the branches appear on 

nano-arrays and start to form cauliflower-like 

geometry feature. 

The cicada wing properties are suitable for 

separating of the deposited film from its 

surface while keeping the wing’s nanonipple 

array structures intact. The main element of 

the cicada wing template is a high molecular 

weight; the crystalline polymer-whose 

Young’s modulus is as high as 7–9 GPa [25], 

which is high enough to conserve the original 

wing surface structure during the separation 

process of the deposited film including 

nanocauliflower-like surface structures. In 

addition, a layer of wax that exists on the 

epidermis of the cicada wing is a low surface 

tension material [25] and can serve naturally 

as an anti-sticking coating during the 

separation process of nanocauliflower arrays. 

This is in contrast to the cases of artificial 

templates where the anti-sticking treatment has 

to be carried out by self-assembling a 

monolayer of fluorine or methyl-terminated 

organic molecules to avoid adherence [30,31]. 

The existence of abundant branches in the 

structure of cauliflower-like nanopatterns 

results in considerable optical properties, 

particularly in their reflection spectrum. These 

branches can cause to trap the light and, 

consequently, to reduce the reflectivity of the 

substrate in broadband wavelength ranges, 

although their aspect ratio (i.e. the height 

divided by the period) is not high. The 

diffused reflections of three samples fabricated 

using different operational conditions of 

sputtering (C2, C3, C4) compared with the 

planar silver substrate are shown in Fig. 4. 

Sample C4 related to the mature silver 

nanocauliflower-like arrays indicates a 

reduced light reflection over all the visible 

spectra. This specific characteristic of 

branched noble metal nano structures can be 

important for the operation of organic solar 

cells to enhance their light harvesting and 

performance. 

B. Performance of OSCs with branched 

cauliflower-like nanopattern 

The branched cauliflower-like nanopattern was 

introduced into the planar device to improve 

its performance and photon absorption. The J–

V characteristics of this OSC (compared to 

OSC with a planar back electrode) are shown 

in Fig. 5, and the detailed performance is 

summarized in Table 2. An increase of 14.8% 

in performance (PCE = 1.95% and PCE = 

2.24% for the planar and nanopatterned 

devices respectively) was achieved mainly due 

to the enhancement in the photo-generated 

current (6.07 mA/cm
2
 and 7.11 mA/cm

2
 for 

the planar device and the nanopatterned device 

respectively). This current density 

improvement is, in the first place, attributed to 

light scattering in the branched nanostructure, 

increasing the device optical thickness, and 

enhancing its light-harvesting efficiency. Fig. 

6 presents the optical absorption spectra from 

the diffuse reflection (R) and transmission (T), 
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using 1-R-T over the wavelength range of 350-

850 nm. The optical absorption demonstrated 

an increase of optical density for a branched 

structure introduced to the device when 

compared to the planar device. Over the 

visible range, an average absorption increase 

of 20% in the cauliflower-like nanopatterned 

device can be observed in comparison with the 

planar device. The absorption spectrum of the 

nanopatterned device exhibits maximum 

absorption in the range of 470–550 nm, which 

is a result of the interface nanostructure that is 

facilitated by excitation of surface modes. 

Also, the enhancement absorption calculated 

using dividing of the difference between 

absorption of the nanopatterned  and planar 

devices  by that of the planar device [21], can 

be found in a larger wavelength range between 

700-850 nm. These enhanced ranges of 

absorption spectrum are outside the bulk 

plasmon resonance of silver [32], but the 

strong surface plasmon resonance mode can be 

excited at longer wavelengths than those of 

bulk plasmon resonances [8,9]. 

 
Fig. 4. Diffused reflection intensity of three 

nanostructure samples (C2, C3, and C4 compared 

with the planar substrate) fabricated in different 

operational conditions of magnetron sputtering vs. 

incident light wavelength. 

The first reason for improvement of light 

absorption stems from the especial geometry 

of the branched nanostructures on the back 

electrode. Thanks to the size of cauliflower-

like nanopatterns being in the range of the sub-

wavelength of visible light; they serve as 

integrated scattering elements diffusing the 

reflected light. The light reflected by the 

branched nanostructures is no longer normal to 

the substrate plane. Thus, it crosses the 

absorber layer at a longer angle on the path 

way back and enhances the optical path length 

of the incident light, where eventually light 

absorption is improved in the active layer and 

the photo-generated current [8,33,34]. 

 
Fig. 5. Current density-voltage (J-V) characteristics 

of the planar and cauliflower-like nanopatterned 

back electrode devices measured under AM 1.5 

illuminations at 100 mW/cm
2
 

Table 2. Photovoltaic parameters of the OSCs of the 

planar and nanopatterned cauliflower like back 

electrode under AM 1.5G illumination at 100 

mW/cm
2
. 

Device 
Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Planar 0.54 6.07 0.58 1.95 

Nanopatterned 0.54 7.11 0.59 2.24 

 

Physically, another reason of the enhanced 

absorption behavior stems from excitation of 

surface plasmons in silver nanocauliflowers. 

Due to the negative real part of the dielectric 

constant of noble metal materials, the incident 

light excites surface plasmon resonances 

(SPRs) [34-38]. These resonances can 

generally occur at discrete frequencies and are 

strongly localized in the skin surface layer of 

nanostructure arrays. Due to the dipole-dipole 

interaction between the ensemble of 

nanostructures and the strong coupling 

between localized plasmon, these resonances 

tend to broaden and produce tightly bound 
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bands. Furthermore, the existence of plasmon 

bands is a necessary condition for creating 

plasmonic broadband absorber structures. 

 
Fig. 6. Optical absorption spectra of the planar 

(solid) and cauliflower-like nanopatterned (dashed) 

solar cells.  

By introducing these nanocauliflower arrays 

on the back electrode, as a consequence of the 

existence of abundant branches and gaps on 

their surface with dimensions near the organic 

exciton diffusion length, preferential carrier 

pathways and efficient capture and separation 

of excitons could be provided; thus reducing 

the charge recombination and facilitating the 

carrier collection in OSCs [10]. Also, 

formation of nanostructured metallic layers in 

the form of a deep diffraction grating non-

resonant (broadband) absorption of 

unpolarized light has been also confirmed with 

plasmonic composite metamaterials [37]. Ag 

nanocauliflower arrays are comparable to sub-

wavelength geometrically ordered metal arrays 

such as cylinders [38] and spheres [39] and 

have efficient absorption of visible light. 

However, in cylindrical and spherical 

structures, broadband absorption is 

comparatively inefficient for wavelengths 

longer than the SP resonance wavelength. 

IV. CONCLUSION 

In this research, we demonstrated the 

fabrication of template-based branched 

cauliflower-like nanostructures of silver metal 

on bio-templates of cicada wing patterns and 

their application as a back electrode in organic 

solar cells. The self-assembled fabrication 

process was carried out using a gas 

aggregation nanocluster source through dc 

magnetron sputtering. A power conversion 

efficiency enhancement of 14.8% was 

achieved as compared to that of the planar 

device. Such a result originates from an 

increase in photo-generated current as a 

consequence of an average enhancement of 

20% in optical absorption. The enhancement 

in the optical absorption resulting from the 

improvement of light trapping in the active 

layer stems from the especial geometry of the 

branched nanopatternes on the back electrode 

and the plasmonic behavior of silver as a noble 

metal material. The increased interfacial area 

induced by the branched cauliflower-like 

nanopatterns is also contributed to the 

increased efficiency by improving the capture 

of the excitons at the branched interfaces.   
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