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Abstract 
 

Ordered nanocone arrays of the electroactive polymer poly(3,4-ethylenedioxythiophene) 

(PEDOT) were fabricated by the simultaneous oxygen plasma etching of an electrodeposited 

PEDOT thin film coated with a hexagonally closed packed polystyrene bead monolayer. PEDOT 

nanocone arrays with an intercone spacing of 200 nm and an average nanocone height of 350 nm 

exhibited a low broadband reflectivity of less than 1.5% from 550 to 800 nm. Electrochemical 

modulation of the oxidation state of the PEDOT nanocone array film was used to change both its 

ex situ absorption spectrum (electrochromism) and reflection spectrum (electroreflectivity).  The 

sign of the PEDOT nanocone array electroreflectivity was opposite to that observed from 

unmodified PEDOT thin films; this significant difference is attributed to the unique optical 

behavior of nanostructured surfaces with an interfacial layer that contains a graded mix of air and 

highly absorptive nanocones. The combined electrochromic and electroreflective behavior of the 

antireflective PEDOT nanocone array films should find promising applications in solar energy 

cells, sensors other optical devices. 
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Periodic nanocone arrays are unique nanostructured surfaces with very useful antireflective 

and hydrophobic properties that have been incorporated into both natural systems, such as moths’ 

eyes and lotus leaves,1–3 and also modern technological devices, such as solar cells and self-

cleaning windows.4–6 Recently, we have developed a very simple method for fabricating 

polymeric two-dimensional hexagonal nanocone arrays over large areas (cm2) by the 

simultaneous oxygen plasma etching of a colloidal monolayer of polystyrene (PS) beads and an 

underlying polymer substrate.  For the case of flexible fluorinated ethylene propylene (FEP) 

substrates, we fabricated FEP nanocone arrays and then coated them with a 50 nm gold thin film 

to create a plasmonic nanocone surface that was highly antireflective7 and also exhibited tunable 

superhydrophobic properties.8 In this paper, we demonstrate that our nanocone array fabrication 

strategy can be used to create nanocone arrays from thin films of the electroactive polymer 

poly(3,4-ethylenedioxythiophene) (PEDOT). Thin PEDOT films have been studied extensively 

for their transmissive electrochromic properties;9–13 we show here that PEDOT nanocone arrays 

formed by the oxygen plasma etching of an electrodeposited PEDOT thin film coated with a 

hexagonally closed packed (hcp) PS bead monolayer exhibit excellent broadband antireflectivity.  

Moreover, the oxidation state of the PEDOT nanocone array film can be modulated 

electrochemically and remains fixed when removed under potentiostatic control. Both the 
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absorption spectrum and reflectivity spectrum are found to vary with film oxidation state, but 

each in a different manner due to different optical effects.  Changes in the reflectivity spectrum 

of the PEDOT nanocone arrays with oxidation state were completely opposite to those observed 

from unmodified PEDOT thin films; this difference is attributed to the unique dependence of the 

PEDOT nanocone array reflectivity on the complex interfacial refractive index. 

 

 

Figure 1. (a) Schematic diagram for the fabrication of PEDOT nanocone arrays (height: 350 nm, 

spacing: 200 nm) by oxygen plasma etching of a 450 nm electrodeposited PEDOT film on FTO-

glass coated with a 200 nm hcp PS bead monolayer. (b) SEM image of PEDOT nanocone arrays 

with low magnification and (c) detailed SEM image of PEDOT nanocones with high 

magnification and a tilted view. 

 
PEDOT nanocone arrays were fabricated from the simultaneous oxygen plasma etching of 

electrodeposited PEDOT thin films coated with an hcp PS bead monolayer. The formation of a 

PEDOT thin film through the electropolymerization and electrodeposition of “3,4-

Ethylenedioxythiophene” (EDOT) has been demonstrated previously for films up to 300 nm in 
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thickness.12,14–16  To create stable thick PEDOT films, we developed a slightly modified 

electrodeposition process in which a very thin PEDOT:PSS layer was first spin-coated onto a 

transparent fluorine tin oxide (FTO) conductive substrate prior to the EDOT 

electropolymerizaton. The thickness of the electrodeposited PEDOT thin films was controlled by 

the electrodeposition time and set to a value of 450 nm as measured by SEM.  A PS bead 

monolayer was then deposited onto the PEDOT thin film by a spin-coating process in ethanolic 

solution (Full details of our electrodeposition procedure, a plot of electrodeposition current vs. 

time, SEM thickness measurement, and colloidal monolayer formation procedure are given in the 

SI).  As shown in the scheme in Figure 1a, exposure of this surface to oxygen plasma etching 

created the PEDOT nanocone array. The PS bead monolayer initially protects the PEDOT thin 

film, but as the plasma etching constantly reduces the bead size, the amount of protected surface 

constantly decreases as the nanocone array is formed. The spacing of the nanocones within the 

array is controlled by the original PS bead diameter, and the height of the nanocones is 

controlled by both the size of the PS beads and the thickness of the electrodeposited PEDOT thin 

film, as well as the differential bead/film etching rate.  Two SEM images of a typical PEDOT 

nanocone array surface are shown in Figures 1b and 1c.  The nanocones in this array were 

formed by 90 s of oxygen plasma etching of a 450 nm PEDOT thin film coated with a hcp 

monolayer of  200 nm diameter PS beads. The resultant nanocone array had an average height of 

350 nm, and a small amount of residual PS can be seen on the nanocones in Figure 1c. To ensure 

removal of this residual PS, the films were thoroughly rinsed with tetrahydrofuran after etching. 
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Figure 2. Reflectivity spectra at an incidence angle of 8° for a PEDOT nanocone array film (blue 

spectrum), an unmodified PEDOT thin film (black spectrum) and a plasmonic gold nanocone 

array thin film (red spectrum).  The FEP-Au-nanocone array film was fabricated as described in 

Ref. 7. 

 

The PEDOT nanocone array surfaces created by this plasma etching process exhibited a very 

low reflectivity over a wide wavelength range. The reflectivity spectrum of the PEDOT 

nanocone array at an incident angle of 8° is shown in Figure 2 (blue spectrum). Similar 

reflectivity spectra were observed at higher incident angles (reflectivity spectra obtained at 

incident angles of 45° and 67.5° are shown in Figure S4 of the SI.). The PEDOT nanocone array 

reflectivity is relatively featureless and less than 1.5%R over the entire wavelength range of 550 

to 800 nm.  For comparison, the reflectivity spectrum of an unmodified 450 nm electrodeposited 

PEDOT film (black spectrum) is shown in Figure 2 (a similar spectrum for an unmodified 350 

nm electrodeposited PEDOT film is shown in SI). The PEDOT nanocone array surface had 

lower percent reflectivity values at all wavelengths throughout the visible and near infrared for 

both incident angles as compared to the unmodified PEDOT thin film spectrum, and most 
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noticeably did not show the strong reflectivity increase feature at 570 nm that was observed for 

the unmodified film. Additionally, a plasmonic gold-coated FEP nanocone array (red spectrum)7 

is also shown in the Figure. We deduce that the mechanism for the broadband antireflectivity of 

the PEDOT nanocones is the same as in the case of the plasmonic gold nanocone arrays, 

although as can be seen in the Figure the PEDOT nanocone arrays are not as antireflective as the 

gold-coated FEP nanocones. Silicon nanocone array surfaces described previously by other 

authors also show similar broadband antireflection properties.17–19 The reflectivity of nanocone 

array surfaces has been modeled previously as a combination of graded refractive index and 

enhanced thin film absorption.17,20,21 The higher aspect ratio of the gold-coated FEP nanocone 

arrays and their better absorptive properties are the two reasons why the antireflectivity is better 

for those surfaces.7  

 

 

Figure 3. Electrochromic behavior of PEDOT nanocone arrays. UV–visible absorption spectra 

of PEDOT nanocone arrays removed from solution after 20s under potentiostatic control at three 

potentials: -1.0V (blue spectrum), 0.0V (black spectrum) and +1.0V (red spectrum) vs. Ag/AgCl. 
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The two inserted photographs show the different colors of the PEDOT nanocone array sample at 

-1.0V (dark-purple/black) and +1.0V (blue). 

 

Like all other previous studies of electrodeposited PEDOT thin films, the PEDOT nanocone 

array films were found to exhibit a reversible electrochromism due to the modulation of the 

PEDOT film oxidation state with electrode potential in a LiClO4 solution.12,22 In addition to 

observing the in situ PEDOT electrochromic behavior in an electrochemical cell, the PEDOT 

films could be removed from solution under potentiostatic control to examine both their 

absorption spectrum and antireflective properties in air. Figures 3 plots the absorption spectra of 

the PEDOT nanocone arrays after removal from solution at three different potentials: +1.0V, 

0.0V and -1.0V vs. Ag/AgCl (all potentials were held for 20s before removal from solution). As 

shown previously by other researchers, the electrochromic behavior of PEDOT arises from 

changes in the electrochemical doping of the thin film, with the more reduced state (-1.0V) being 

highly colored and the more oxidized state (+1.0V) being less absorptive.9,13,16 This can be seen 

both in the ex situ absorption spectra as well as in the two photographs of the PEDOT nanocone 

array film at +1.0V and -1.0V that are also shown in the Figure. These spectra are qualitatively 

similar to spectra obtained from an unmodified PEDOT thin film removed at the same potentials 

(see Figure S5 in the SI). 
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Figure 4. Electrochemically modulated reflectivity spectra for (a) PEDOT nanocone arrays and 

(b) unmodified PEDOT thin films which were removed from solution after 20s at three different 

applied potentials: -1.0V (blue spectrum), 0.0V (black spectrum) and +1.0V (red spectrum). The 

angle of incidence for the reflectivity spectra was 8°.   

 

In contrast, the variations in the ex situ reflectivity spectra for PEDOT nanocone arrays 

removed at different electrode potentials were surprisingly different as compared to unmodified 

PEDOT thin film surfaces. Figures 4a and 4b show reflectivity spectra from a PEDOT nanocone 

array and an unmodified PEDOT thin film respectively after being removed from solution at the 

same three applied potentials as in Figure 3 (-1.0V, 0.0V and +1.0V). The most dramatic 



	 9	

differences are between spectra taken at -1.0 V to +1.0V, where the reflectivity has significantly 

increased at all wavelengths for the PEDOT nanocone array film, but has decreased for the 

unmodified PEDOT thin film. The largest effect occurs at approximately 650 nm, where the 

PEDOT nanocone array reflectivity increases five-fold (from 0.67%R up to 4.14%R) whereas 

the unmodified PEDOT thin film reflectivity decreases four-fold (from 7.6%R down to 2.0%R). 

The featureless reflectivity spectrum of the PEDOT nanocone array in Figure 4a does not change 

significantly at the three different applied potentials, whereas there are significant band shifts in 

the spectrum of the unmodified PEDOT thin film in Figure 4b.  Additionally, when comparing 

changes in the reflectivity spectra from films removed at 0.0V and +1.0V, a proportional 

increase in the reflectivity spectrum was observed for the PEDOT nanocone array, whereas only 

relatively small reflectivity changes were observed for the unmodified PEDOT thin film.  It is 

clear from the spectra in Figure 4 that the optical mechanism for the broadband 

electroreflectivity observed from the PEDOT nanocone array film must be very different to the 

mechanism for the electroreflectivity observed from the unmodified PEDOT film. To try to 

understand this effect, we performed three phase Fresnel reflectivity calculations 

(air/film/substrate, n1/n2/n3 as described in Figure S6 in the SI) to show that an increase in film 

absorption (as modeled by an increase in the imaginary component of the film RI, n2 = 1.5 + x i, 

where x goes from 0 to 0.5) leads to a higher specular reflectivity at all angles.  This is what we 

observed for the unmodified PEDOT films.  In contrast, the PEDOT nanocone films showed the 

opposite behavior: an increase in nanocone absorptivity actually resulted in a decrease in the 

specular reflectivity.  This effect has been observed previously in both the gold plasmonic 

nanocone arrays7 and in silicon nanocone array surfaces.17–19 The presence of highly absorbing 
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nanocones on the surface results in a combination of multiple internal reflection, absorption and 

scattering processes that lead to a reduced reflectivity at all incident angles. 

In summary, we have demonstrated that the fabrication process used previously to create gold 

plasmonic nanocone arrays also can be used with thin films of the electroactive polymer PEDOT 

to create electroreflective nanocone arrays over large areas. The PEDOT nanocone array surfaces 

exhibited a good broadband antireflectivity throughout the visible and near infrared wavelength 

regions due to the graded interfacial complex refractive index created by the PEDOT nanocones. 

Additionally, the broadband antireflectivity of the nanocone array surface could be controlled by 

the electrochemical modulation of the oxidation state of the PEDOT nanocones.  The changes 

observed in the ex situ reflectivity spectra of the PEDOT nanocone arrays with oxidation state 

were opposite to those observed from unmodified PEDOT thin films; we attribute this marked 

difference to the unique optical behavior (a combination of broadband reflection, scattering and 

absorption) of the air-nanocone array interface for the case where the nanocone complex 

refractive index has a significant imaginary component.  In this letter, the electroreflectivity of 

the PEDOT nanocone arrays was probed with ex situ spectra; in future work we will further 

characterize the reversible in situ electroreflective behavior with real-time reflectivity 

measurements. The antireflective and electrochromic PEDOT semiconductor nanocone array 

films described here should find applications in solar energy cells, optical sensors, and optical 

devices.  
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Supporting Information.  

The following are available free of charge: experimental details of PEDOT nanocone array 

fabrication and characterization, electrochemical data of PEDOT electropolymerization and 

electrodeposition, 45° and 67.5° incident angle PEDOT nanocone array and unmodified PEDOT 

thin film reflectivity spectra, SEM images and UV-vis absorption spectra of unmodified PEDOT 

thin films.  
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