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Plasmonic nanostructures have been used to generate colors for thousands of years.[1] 

Recently, metallic nanostructures with fine-tuned dimensions have been used to “print” stable 

color images[2-4] with extremely high lateral resolution.[5-7] Implementing electrochromic 

switching with such nanostructures opens up for new display technologies.[8-11] Reflective 

(paper-like) displays are particularly interesting since they provide lower energy consumption 

and comfortable viewing under ambient light,[12] typically using electrophoretic ink[13] (e.g. 

the KindleTM e-reader). Unfortunately, technologies providing reflective displays in color 

remain strongly limited. Conjugated polymers are interesting for this purpose, but their 

electrochromic activity alone generally provides low contrast.[14] In combination with 

plasmonic nanostructures the tunable absorption of the polymers can be used to regulate the 

optical activity.[10, 15, 16] However, research to date has focused on nanoparticles and only 

modulation of transmission. There has been no demonstration of a plasmonic nanostructure 

providing reflective colors that can be electrically modulated. Further, for applications in 

display technologies the electrochromic material must be prepared over very large areas, 

which excludes the use of electron beam[4] or focused ion beam[10] lithography. Preferably, the 

material should also be ultrathin and flexible[12] making the final display foldable and less 

fragile, which cannot be achieved with approaches based on liquid crystals.[11] In this work we 

present the first material which fulfils all criteria to work as electronic paper in full color with 

good potential to realize flexible screens. The electrically controllable optical absorption of a 

conducting polymer is used to modulate the reflected light from ultrathin nanostructured 

plasmonic metasurfaces.[17] Our method provides high polarization-independent resonant 

reflection (>90% in air), good contrast (30-50%), fast response times (ms regime), ultralow 

power consumption (<0.5 mWcm-2) and long-term stability. We also show that plasmonic 

metasurfaces containing pixels of the primary colors red-green-blue (RGB) give the same 

reflectivity and contrast as ink produced by an ordinary printer. Finally, we show how the 
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RGB pixels can produce secondary colors and display-size images which can be switched 

on/off. 

Our plasmonic metasurfaces contains three solid films (Figure 1a). During fabrication, a 150 

nm silver film was first deposited on the substrate to provide a high base reflection. The 

subsequent alumina spacer layer tuned the reflective color by Fabry-Pérot interference.[6] 

Next, short-range ordered 150 nm nanoholes in a 20 nm gold film (Figure 1b) were prepared 

on alumina by colloidal self-assembly and tape stripping.[18] The fabrication consisted of 

parallel processing steps[19] compatible with large areas and plastic supports, which made the 

material flexible by hand (Figure 1c). We generated a color palette by varying the alumina 

thickness[20] from 40 to 95 nm and found that the primary colors red, green and blue (RGB 

samples, Figure 1d) corresponded to an alumina thickness of 48 nm, 93 nm and 83 nm 

respectively. The high resonant reflectivity (Figure 1e) confirmed the clear colors of the 

plasmonic metasurfaces. 

The gold film is necessary to create coloration because the absorption of silver is very low in 

the visible[21] and since there is no transmission through the thick mirror layer all visible 

wavelengths would then be reflected. Further, the nanohole array in the thin gold film 

enhances the coloration since it enables coupling to surface plasmons[22, 23] and provides 

strong resonant scattering.[18] Although we could also generate colors by only a gold film 

without holes on the silver and alumina layers, such thin film multilayers do not support 

plasmon excitation under ordinary illumination and cannot scatter light. This limited the 

possibility to tune the reflection spectrum and resulted in more diffuse colors since only 

absorption[21] (and not scattering) could contribute (Figure 1c). By dark-field illumination we 

verified that the three RGB structures with nanoholes scattered their complementary colors at 

high angles (Figure S1, Supporting Information). We also analyzed the reflectivity for 
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increasing incident angle (Figure S2, Supporting Information) and found that the viewing 

angle could be up to approximately 60° with correct color appearance. 

To switch the colors on and off, the tuneable optical absorption of conjugated polymers was 

utilized.[24] Doped polypyrrole films[25] were first electropolymerized[26] on the nanostructures 

arrays simply by applying +0.57 V vs Ag/AgCl in a solution containing NaDBS and 

pyrrole.[25] This process was monitored by combined electrochemical and plasmonic sensing 

with high resolution.[27, 28] The polymer growth rate was linear (~40 nm/min dry thickness) 

and determined by integrating the electrochemical current (Figure S5, Supporting 

Information) and utilizing known film properties.[29] After polymerization the metasurfaces 

absorb light at open circuit and the plasmons are damped. The color was switched “on” by 

applying approximately -1 V (vs Ag/AgCl) in an electrolyte containing 0.1 M NaDBS and 0.1 

M LiCl in water (Figure 2a) to reduce the conductive polymer to its neutral state, thus 

altering its bandgap,[14, 29] leading to strongly reduced absorption.[24] As a result the reflections 

from the RGB samples could be modulated with high contrast (spectra in Figure 2b). Note 

that the spectra are slightly shifted compared with Figure 1e since the structures now are in 

contact with polymer and electrolyte, but the colors appear very similar (photos in Figure 2b). 

For the shortest wavelengths (<450 nm) the blue and green structures actually showed 

reversed optical contrast. However, the human eye is not sensitive in this region under well-lit 

conditions where reflective displays are to be used. The wavelength interval where the 

luminosity function for photoptic vision is >5% of its maximum is marked in Figure 2b. 

An example of reflectivity vs time during potential switching is shown in Figure 2c for a red 

sample at the wavelength of 660 nm together with the electrochemical current. The response 

time, defined as the time to reach 90% of the intensity change, is on the order of hundreds of 

milliseconds depending on polypyrrole thickness[30] (more detailed data in Supporting 

Information). This makes the technology suitable for reading devices although not high frame 
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rate animations, similarly to black and white electrophoretic displays.[12] The switching was 

highly reproducible over long time as expected.[30, 31] After thousands of cycles the reduction 

in intensity change was <10% without any special precaution to ensure a stable chemical 

environment (such as removing oxygen or switching to non-aqueous electrolytes). 

Another important factor to consider is power consumption. As expected,[24] the optical 

absorption did not simply scale linearly with the applied voltage (Figure S8, Supporting 

Information) and was also wavelength dependent. Considering further the stability of the 

electrochemical system,[27] the ideal voltages for switching the colors fully on were -0.9 V, -

1.0 V and -0.8 V for RGB respectively. Figure 2d shows the corresponding power densities 

for a steady “on” state determined from the electrochemical currents. Because of the low 

voltages and the thin polymer films, the power density is more than one order of magnitude 

lower compared to emissive displays and also much less than that for electrophoretic 

displays.[32] The current trace (Figure 2c) showed that switching the pixels every ~10 s 

increased power density by less than a factor of three. Further, considering that not all pixels 

would be fully active (a white image) at a given time and that the polymer has coloration 

memory,[14] the power consumption of the plasmonic metasurfaces is actually overestimated 

in Figure 2d (further details in Supporting Information). 

In order to show that electronic paper based on the metasurfaces can be used to produce 

secondary colors and clear color images through RGB coding, we fabricated microscale pixels 

of the red, green and blue metasurfaces by three laser lithography steps and alumina 

depositions. The gold nanohole array was then prepared over the entire area in one step. 

Figure 3a shows an example with 50 µm pixels (approximately the resolution of human eyes) 

but the lithography can also produce pixels that are just a few microns, which corresponds to 

enough (tens of) nanoholes to excite surface plasmons, meaning that the maximum resolution 

is at least 104 dpi. The photo in Figure 3a shows how the secondary colors yellow, purple and 
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cyan can be produced by their RGB combinations. After placing the sample in an 

electrochemical cell and growing polypyrrole (~200 nm), the colors can be switched on and 

off over the entire area. Here we also refer to two videos available as Supporting Information, 

which shows the optical switching in real-time. One video simply shows switching of the 

whole sample area while the other shows preliminary results on polymer growth and 

switching of individual 100×50 µm pixels in a RGB triplet. 

In order to quantitatively characterize the visual appearance of the plasmonic metasurfaces in 

relation to a known standard, we measured reflection spectra from ink spots produced by a 

laserjet printer on ordinary paper (Figure 3b). The printed paper thus acts as a “reflectivity 

standard” when designing the electronic paper. Assuming the electronic paper area will 

consist of 33% red, 33% green and 33% blue pixels, the spectra from Figure 2b were 

normalized accordingly when compared with the reflectivity measured from the ink. We 

found that for optimal contrast a different polypyrrole thickness should be used for each color, 

namely 190 nm, 260 nm and 110 nm for RGB respectively. These are the values of dry 

polymer thickness for the data in Figure 3b (as well as previously in Figure 2b). Indeed, as 

illustrated by the arrows in Figure 3b, for all colors both the absolute reflectivity and the 

contrast are very similar to the printed paper, for which the “off” state is represented by black 

ink. This shows that electronic paper based on the plasmonic metasurfaces clearly has very 

similar visual appearance as standard color printed images. We also performed a chromaticity 

calculation to analyze the RGB colors according to the “standard observer” defined by the 

International Commission on Illumination[33] (Figure S17, Supporting Information). As a final 

result, to show an image produced with the metasurface pixels, we patterned our university 

logo pixelated in RGB with different colors in different regions (photo in Figure 3c). 

In summary we have presented the combination of conjugated polymers and plasmonic 

metasurfaces for reflective color displays, which we believe is the first demonstration of a 
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material capable of realizing electronic paper in full color. For future work, the next step is 

naturally to implement voltage control over the pixels individually. Notably, Figure 3a (and 

the online video) show non-optimal systems because the same polymer thickness and voltage 

is used for all colors. Further improvements are also possible by evaluating different materials 

and polymers for the different colors in order to improve contrast and response time. Also, 

power consumption can be further reduced in other electrolytes[31] by lowering leakage 

currents and the energy required to maintain the polymer in its reduced state. To finalize the 

construction, a transparent flexible conductor such as graphene or indium-tin-oxide covered 

plastics should be used as counter electrode opposite to the metasurface, maintaining a thin 

electrolyte layer in between. It should be possible to follow the same design as for prototypes 

of flexible black and white electronic paper.[34] This kind of reflective color displays should 

be especially useful for large-area energy-efficient electronic readers and posters which are 

also simple to fold and transport. 

Experimental Section 

Nanofabrication: The 0.5 mm thin glass slides were cleaned by 50 W oxygen plasma for 10 

min. PET supports were cleaned by sonication in ethanol for 5 min. All depositions were 

achieved with automated electron beam evaporation (Lesker PVD225). Underneath Ag a 5 nm 

Cr adhesion layer was used. Colloidal lithography was performed on freshly deposited Al2O3 

as described previously[19, 22, 27] using a batch of 158±4 nm colloids (Microparticles GmbH), 

which give a short-range ordered pattern with characteristic spacing of ~320 nm[22] followed by 

deposition of 20 nm Au (with 1 nm Cr adhesion) and tape stripping to remove the colloids.[18] 

Microscale pixels were patterned after Ag deposition by a laser writer (Heidelberg Instruments 

DWL 2000). The photoresist (Microposit S1813) was spin coated at 4000 rpm and baked on a 

hotplate at 120 °C for 2 min. Pixels for one primary color were then patterned by the 60 mW 

laser beam after which the sample was developed in developer MF-318 for 50 s. Al2O3 was 
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then deposited and the process was repeated for each primary color. The gold nanohole array 

was then fabricated as for the other samples over the whole area in one step. 

Spectroelectrochemistry: The dark spectrum of the spectrometer (B&WTek CypherX) was 

recorded with the illumination off and subtracted from subsequent acquisitions. The light source 

was a 100 W halogen lamp (Newport). The reference intensity was measured as the reflection 

from a commercial Ag mirror (Thorlabs BBE02-E02). For measurements in the electrochemical 

cell the additional reflections (e.g. the opposite window) only caused a change in reflectivity of 

a few percent and were ignored. Reflectivity from metasurfaces was measured with a 10× air 

objective while for printed ink a 40× air objective was used to capture more of the diffuse 

reflection from the rough paper surface. High angle specular reflection was measured by a 

spectroscopic ellipsometer (Wollam M2000), which was also used to determine the complex 

refractive index of the dry polypyrrole. Extinction spectroscopy on ordinary nanohole arrays 

(Supporting Information) was performed as described previously.[27, 28] Note that reflectivity is 

the ratio of measured intensity and reference intensity, while extinction is the logarithm of the 

inverse of this ratio. A home-built liquid spectroelectrochemistry cell with chloridized Ag as 

reference electrode and Pt as counter electrode[27] was connected to the potentiostat (Gamry 

Interface1000). The open circuit potential between our Ag electrode and a commercial Ag/AgCl 

standard (World Precision Instruments Dri-Ref) was measured before the experiments (typical 

difference +80 mV) and the applied potential was adjusted accordingly. Electropolymerization 

was performed in 0.1 M NaDBS (TCI Chemical, Japan) and 0.1 M pyrrole (Sigma). For optical 

switching, 0.1 M LiCl (Sigma) was also added, mainly to improve reference electrode stability 

(although Li+ ions also enter the polypyrrole layer just like Na+). 

Photos: Pictures were taken with an Iphone 6 using standard settings, no flash and high dynamic 

range off. The microscope images were taken with a Thorlabs DCC1645C (CMOS) camera 

using standard settings. No parts of the photos have been manipulated. In all images that 
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compare “color on” and “color off” states, image settings such as brightness and contrast are 

identical. 

Printing: The three primary colors and “black” were drawn in Paint on Windows 7. The red 

(R: 237, G: 28, B: 36) color was Hue 238, Sat 205, Lum 125, green (R: 34, G: 177, B: 76) 

was Hue 92, Sat 163, Lum 99 and blue (R: 0, G: 128, B: 255) was Hue 140, Sat 240, Lum 

120. The printer was from HP (Laser Jet Pro 400 color MFP M475dn) and also the ink 

cartridge (Pink: CE413, Yellow: CE412, Cyan: CE411, Black: CE410). Ordinary white A4 

paper was used (Future Multitech). The printing was done with “standard” quality settings in 

Windows. 

Supporting Information 
Supporting Information is available online from the Wiley Online Library or from the author. 
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Figure 1. The plasmonic metasurfaces. a) Schematic of the metasurface. b) Electron 
microscopy image of the nanoholes from above. c) A photo of a sample on polyethylene 
terephthalate (PET) support with a color palette generated by a gradient in the alumina 
thickness. The middle region has no nanoholes in the gold film. d) A photo of samples with 
the primary colors under ambient light. e) Reflection spectra in air of the red, green and blue 
samples for different angles. 
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Figure 2. a) Principle of reflection modulation. After polypyrrole (PPy) has been 
electropolymerized on the gold nanohole array its optical absorption can be tuned by applying 
a potential as illustrated. b) The reflectivity in the bright and dark states for red, green and 
blue samples (0-14° viewing angle). The dashed lines show the region where the luminosity 
function for photoptic vision is >5% of its maximum. Also shown are microscope camera 
images of the samples (~1 mm illuminated spot) in their bright and dark states (same 
illumination and brightness/contrast). c) Switching dynamics (for a red sample) showing 
current (electrode area 176 mm2) and reflectivity at 660 nm vs time as the voltage is reversed 
(>90% of the reflectivity change occurs in <0.5 s). d) The power density of the polymer-
functionalized plasmonic metasurfaces for the RGB colors compared with average power use 
for black and white electrophoretic displays (EPD) and AM-OLED displays. 
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Figure 3. a) A photo of a sample with RGB pixels patterned to generate secondary colors. 
Also shown are photos of the same sample in an electrochemical cell after polymerization, 
with different voltages applied. b) Reflectivity comparison with printed ink. For each primary 
color, the reflectivity spectra (Figure 2b) were normalized by including the dark states for the 
other two colors, representing RGB coding with equal weights. The “off” state was defined as 
the average of the three dark states. For each color the spectral contrast was compared with 
the reflection measured from red, green, blue and black ink spots produced by a laserjet 
printer. c) A sample with RGB pixels patterned to display the university logo in different 
colors. 
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ToC entry: 
 
Flexible electronic paper in full color realized by plasmonic metasurfaces with 
conjugated polymers. An ultrathin large-area electrochromic material is presented which 
provides high polarization-independent reflection, strong contrast, fast response time and 
long-term stability. This technology opens up for new electronic readers and posters with 
ultralow power consumption. 
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