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ABSTRACT: Arrays of metallic nanoparticles can be used for
plasmonic color printing. However, the development of dynamic
plasmonic color displays capable of controllable and reversible
switching of individual pixels is still in its infancy. Here, an active
plasmonic device that operates at the border between the visible
and the near-infrared spectral region using inverse copper
nanoantennas is introduced. This is a suitable choice, as copper
can easily and reversibly be oxidized and reduced with the
method of cyclic voltammetry. The inverse sample setup allows
for the easy application of an electrical contact. With this
configuration, a centroid wavelength shift of up to 210 nm (Δλ/λ
≈ 25%) within less than 3 min can be achieved, which is
extraordinarily large. The resonance shift can be reversed, and the response increases with every voltage cycle, which is
attributed to structural changes on the copper surface, leading to an increased surface area.
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In recent years, a lot of research has been conducted to
develop a device whose plasmonic resonance can be

externally controlled.1−8 In fact, the field of active plasmonics
offers various fascinating applications, including tunable nano-
optics, smart windows, modulators, switches, and dynamic
plasmonic color displays with unprecedented resolution and
tunability.9−14 The latter application exploits the principle of
plasmonic color printing,15−17 meaning that bright and
nonfading images can be created by patterning arrays of
metallic nanoantennas to build plasmonic pixels. In order to
not only create static pictures, but dynamic displays, it is not
only necessary to create dynamic pixels, but also to be able to
address single pixels that can be switched individually. For this,
an electrical switching method is ideal, as it allows for an easy
control of the setup and enables to contact single pixels.
Several configurations for an active plasmonic device have

been proposed already. However, the so far introduced setups
are restricted by a limited resonance shift and do not offer the
possibility to address individual pixels. As a first step on the
road toward individually addressable pixels, the approach in
this work is to lithographically manufacture nanoparticles
whose dielectric function can be controlled by applying a
voltage. The lithographic fabrication allows for the integration
of small pixels, consisting of several nanoslits each, into other
circuitry, while the electrical switching method allows to
implement a design where single pixels can be addressed
individually.
The material copper is a very promising choice for this, as it

is not only comparably cheap, but also possesses very good
plasmonic properties18,19 and can easily be oxidized and

reduced in an electrolyte solution with the method of cyclic
voltammetry.20−24 An inverse sample setup with slits etched
into a copper film is possible due to Babinet’s principle25,26 and
allows for the easy application of an electrical contact to the
sample. This switching principle, using inverse copper
nanostructures, is illustrated in Figure 1a,b. The copper inside
the slits, facing the electrolyte, is oxidized and reduced in turns,
thereby covering and uncovering the metallic copper with the
dielectric copper oxides Cu2O/CuO, which changes the
plasmonic properties of the sample.27 This is confirmed by
scattering-matrix simulations using the S-matrix method of T.
Weiss,28 see Figure 1c, illustrating the spectrum of a
nanostructured copper sample covered with copper oxides
with different thicknesses. A simplified two-layered oxide
structure with an inner shell of Cu2O and an outer shell of
CuO is assumed. The oxide layer thickness of 3.3 nm
corresponds to 2 nm Cu2O and 1.3 nm CuO, which roughly is
the oxide thickness obtained by air exposure.29 The other
values are multiples of these values, as thicker oxide layers can
be obtained by electrochemical means. The dielectric functions
of Cu2O and CuO are quite similar,30 giving a refractive index
at 800 nm of n = 2.7 and 2.94, respectively. Upon oxidation,
the plasmonic resonance position undergoes a redshift as the
refractive indices of Cu2O and CuO are higher than that of the
surrounding electrolyte solution, and additionally, as the Cu
facing the nanoslits transforms into the dielectric copper
oxides, the metal slits effectively increase in size. Upon the
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reverse reduction, a corresponding blueshift is anticipated to
take place. This gives rise to the expectation that inverse
copper nanostructures can indeed be applied for an active
plasmonic device with resonances in the visible/near-infrared
and could be used for the development of ultrahigh resolution
dynamic plasmonic color displays.

■ METHODS

In order to fabricate samples that meet the requirements for an
active plasmonic device with a switching method, as
introduced above, we use a sample geometry, as displayed in
Figure 2a. A chromium adhesion layer and a platinum edge for
electrical contact, as well as a protective SiO2 layer above the
copper film, are introduced. Arrays of nanoslits with a large
area and outstanding quality featuring very well pronounced
plasmonic resonances are patterned into the film with electron
beam lithography and subsequent argon ion beam etching.
On a thoroughly cleaned 10 mm × 10 mm glass substrate, a

2 nm Cr adhesion layer and a 30 nm Cu film are evaporated
with thermal evaporation using a Pfeiffer Classic 250 device.
For electrical contact during the measurement, a 40 nm Pt
edge on an approximately 2 mm wide stripe at the border of
the sample is deposited with electron beam evaporation
utilizing a Pfeiffer PLS 500 S. On top of the copper surface, a
15 nm SiO2 layer is evaporated with the same device. This step

is essential, as it protects the corrodible copper during
aggressive fabrication steps such as heating, physical and
chemical etching, and exposure to solvents. Furthermore, the
SiO2 layer ensures that the copper oxidation and reduction
process is concentrated inside the nanoslits where it can
contribute to the plasmonic resonance shift. As a next step, the
high resolution resist AR-P6200.04 is applied to the sample
surface with a RAMGRABER PLM 7xx spin-coater and baked
at 150 °C for 60 s. The resist is patterned using the method of
electron beam lithography with a RAITH Nanofabrication
eLINE Plus device with an aperture of 7.5 μm and a dose
factor of 1.5. Arrays of a size of 100 μm × 100 μm consisting of
rectangular nanoslits with a width of 60 nm, a length of 140
nm, and periodicity in the x- and y-direction of 300 nm are
created. This corresponds to a total of about 100000 slits
contributing to the current signal, while only a several μm wide
stripe of the full array is considered in the reflectance
measurements. For comparison, samples with altering
parameters are fabricated as well. After developing the resist,
the thereby created patterning mask can be used to etch slits
into the SiO2 protective layer and the copper with argon ion
beam etching using a R.I.B. Etching 160 Reactive Ion Beam
system. To remove the resist afterward, the sample is placed in
the solvent N-methyl-2-pyrrolidone (NMP) in an ultrasonic
bath heated to 80 °C for several hours. In a last step,

Figure 1. Schematic of the electrochemical switching method applied in this work. The position of the plasmonic resonance is shifted by
periodically switching the copper inside the walls of the nanoslits between its elementary and oxidized state with the method of cyclic voltammetry.
The metallic copper (a) is thereby in turn covered by the dielectric copper oxides (b), leading to different plasmonic properties. (c) S-matrix
simulation of the effect of a copper oxide layer inside copper nanoslits on the spectral response normalized to the reflectance spectrum of an
unstructured copper film. For the simulation, a layered structure with 2 nm chromium, 30 nm copper, and 15 nm SiO2 patterned with slits with a
length of 140 nm, a width of 60 nm, and a periodicity in the x- and y-direction of 300 nm was taken into account. Note that, in reality, the copper
directly underneath the SiO2 layer is also covered with a thin oxide layer caused by air exposure between the two evaporation processes. However, it
does not contribute to the switching characteristics of the sample and is, thus, for simplicity not shown.

Figure 2. (a) Schematic of the structure of an inverse nanostructured copper sample on a glass substrate with a 2 nm chromium adhesion layer, a
30 nm thick copper film, and a 15 nm protective SiO2 layer, here cut out for better visibility of the copper film. A 40 nm thick platinum edge for
electrical contact, as illustrated by the platinum wire, is depicted as well. In the center of the sample, an array of nanoslits penetrating all three layers
with a size of typically 100 μm × 100 μm is visible. During electrochemical experiments, this sample acts as a working electrode and is immersed in
an electrolyte solution of 0.1 M NaOH together with a platinum counter electrode and a Hg/HgO reference electrode. (b) SEM image of a
nanostructured copper film patterned with the manufacturing method described above, including a protective silicon dioxide layer. The slits show a
good rectangular shape and the copper surface is very smooth.
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resputtered edges that form during argon ion beam etching
have to be removed with a parallel argon ion beam etching
step. The manufacturing process is visualized in Figure S1. The
quality of each sample is screened with a HITACHI S-4800
scanning electron microscope (SEM).
With the described manufacturing procedure including a

protective SiO2 layer, high quality nanostructured copper
samples featuring well-defined plasmonic resonances can be
fabricated. The resulting sample setup is visualized in Figure
2a, while Figure 2b displays an SEM picture of the sample,
documenting the high quality of the structures. A both
theoretical and experimental study of how the slit size can
influence the position and modulation of plasmonic resonances
is presented in Figure S2.
To switch the copper inside nanoslits with cyclic

voltammetry, the sample is placed in a custom-made
electrochemical cell with a three-electrode setup, filled with
the alkaline electrolyte solution of 0.1 M NaOH. The copper
sample itself acts as the working electrode and is contacted at
the Pt edge with a Pt wire, see Figure 2a. The counter
electrode is a platinum wire and as a reference electrode, an
ALS RE-61AP Hg/HgO reference electrode for alkaline
solution is used. The three electrodes are connected to a
BioLogic SP-200 potentiostat. Cyclic voltammetry is per-
formed at a scan rate of 5 mV/s between +0.5 V and −1 V vs
Hg/HgO for several cycles. For comparison, additional
measurements are performed at various scan rates between 2
mV/s and 30 mV/s and with a voltage window between +0.5 V
and −0.85 V. During the downscan of the voltage, a two-step
reduction process of copper is initiated with the electro-
chemical reactions 2 CuO + H2O + 2 e− → Cu2O + 2OH− and
Cu2O + 2 e−+ H2O → 2 Cu + 2OH−, while the reverse
oxidation process takes place during the upscan.20−22 The
corresponding cyclic voltammogram is displayed in Figure 3.
While performing cyclic voltammetry, the electrochemical

cell is mounted onto the stage of a Nikon Eclipse LV100
microscope with a Nikon TU Plan ELWD 20×/0.40 objective.

The spectral response of the sample is tracked through a glass
window in the electrochemical cell. The sample is illuminated
with an Energetiq LDLS EQ-99 laser driven light source with
the incident light polarized along the short axis of the nanoslits.
Optical images are recorded with an Allied Vision GC2450c
camera. Visible and near-infrared reflectance spectra are
tracked with a Princeton Instruments Isoplane 160 spectrom-
eter with a Princeton Instruments PIXIS-256 CCD camera. A
smooth copper surface is used as reference position for spectral
measurements. The entire setup is available at NT&C.31

■ RESULTS AND DISCUSSION

This switching principle introduced in Figure 1 could
successfully be implemented experimentally. Figure 4 displays
the spectral response of a copper film nanostructured as
explained above upon electrochemical switching during the
fifth cycle of cyclic voltammetry. A distinct resonance shift in
the order of 200 nm within approximately 2.5 min is visible.
Figure S3 displays additional spectral data for all first six cycles.
The full spectral behavior over the entire course of the

measurement is visible in the color map of Figure 5a,
displaying absolute wavelength- and time-resolved reflectance
data encoded in color. The resonance position shifts with the
same periodicity as the voltage. After the sixth cycle, the
resonance position starts to shift out of the measurable range
above wavelengths of 1000 nm. The centroid wavelength
position32 is extracted for all times before this is the case
(within the black frame in Figure 5a) and is displayed in Figure
5b (blue) together with the cycled voltage (orange). Apart
from a distinct, periodic, and repeatable resonance shift
following the voltage, we find that the response becomes
stronger with every voltage cycle. The increasing signal is
attributed to structural changes on the copper surface upon
repeated oxidation and reduction. As elementary copper is
oxidized electrochemically, Cu2O nanograins and CuO nano-
crystals grow on the copper surface.33 Even upon subsequent
reduction, small copper nanoparticles remain on the surface,
increasing the surface area of the active copper inside the
nanoslits. SEM images of a nanostructured copper surface
confirm this (see Figure S4a). Hence, the working surface is
enhanced, leading to more oxide growth with every voltage
cycle and, therefore, an increasing shifting response with a self-
enhancing effect.
In addition to an increasing signal, an overall redshift of the

centroid wavelength position can be observed in Figure 5b.
This behavior is explained by considering that the copper
sample slowly dissolves during electrochemical measurements
as CuO undergoes a chemical reaction with the electrolyte
NaOH,34 leading to the slow dissolution of the copper film;
compare Figure S3a. As the copper is covered with a protective
SiO2 layer, the dissolution does not happen uniformly over the
entire copper film, but starts where the SiO2 is thinnest, leading
to a porous film with small electrolyte-filled cavities. The
increasing porosity, together with an overall decreasing film
thickness, leads to a distinct red shift of the plasmonic
resonance. This is confirmed by an effective medium
simulation using the Bruggeman model35,36 and S-matrix
simulations,28 showing that, for an increasing ratio of water-
filled cavities enclosed in the copper film, the plasmonic
resonance position undergoes a distinct red shift, see Figure
S4b. This effect causes a slow red shift of the resonance, even
upon applying a constant potential; however, a stable signal

Figure 3. Cyclic voltammogram obtained with a nanostructured
copper film at a scan rate of 5 mV/s and a voltage window between
+0.5 V and −1 V vs Hg/HgO during seven cycles. One precycle that
was performed prior to these measurements is not shown. During the
downscan of the voltage, a two-step reduction takes place, including
the chemical reactions 2 CuO + H2O + 2 e− → Cu2O + 2 OH−

(abbreviated with Cu(II) → Cu(I)) and Cu2O + 2 e− + H2O→ 2 Cu
+ 2 OH− (Cu(I) → Cu(0)), while during the upscan, the reverse
oxidation processes Cu2O + 2 OH− → 2 CuO + H2O + 2 e− (Cu(0)
→ Cu(I)) and 2 Cu + 2 OH− → Cu2O + 2 e− + H2O (Cu(I) →
Cu(II)) take place.
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could be obtained if a method was developed that prevents the
slow dissolution of the copper film.
Considering once more Figure 5a, the vertical stripes

indicate that not only the plasmonic resonance position
undergoes a shift, but also the absolute reflectance intensity is
subject to a periodic shift. The shift of the reflectance intensity
at the centroid wavelength position is extracted in Figure S5.
Upon reduction, the intensity is increased while it decreases
during oxidation, which can be explained by considering that
smooth copper has a higher reflectance compared to the darker
and rougher copper oxides. For scan rates of 5 mV/s and less,
however, a reversed plateau is observable for the fully oxidized
state, indicating the full overgrowing of nanoslits with oxides.
This implies that oxide growing and the connected plasmonic
response is stronger for low scan rates. Overall, the reflectance
intensity decreases, which is again caused by the slow
dissolution of the copper film, as explained above, leading to
a thinner and rougher film with more light transmission and
scattering and, hence, a lower reflectance.
In order to investigate the influence of different sample and

measurement parameters on the switching behavior, several
measurements with altering parameters were performed. It
makes sense that with a faster scan rate the switching is quicker
as the time needed for one switching cycle corresponds to that
of one voltage cycle. However, the switching response is

considerably higher upon slow cycling, as already indicated by
the fact that slow scan rates correspond to a stronger oxide
growth. Consider Figure S6, showing the centroid wavelength
shift over time for a measurement performed at a scan rate of
20 mV/s as compared to 5 mV/s, as displayed in Figure 5b.
During the fifth oxidation process, a centroid wavelength shift
of 203 nm is achieved for the scan rate of 5 mV/s, while for the
higher rate of 20 mV/s, it is only 81 nm. This indicates again
that saturation of the resonance shift is only achieved for low
scan rates of 5 mV/s and less.
The sample stability is not influenced by the scan rate

(compare Figure S7a), nor by the voltage window used (Figure
S7b) or the thickness of the SiO2 layer (Figure S7c). However,
the stability during electrochemical measurements can be
improved by using a thinner copper film (Figure S7d), which
can be explained by considering that, for thicker films, the
argon ion beam etching step during sample preparation has to
be longer, therefore, attacking the patterning mask resist and, if
exceeding a certain amount of time, the sample itself.
Therefore, the sample quality is improved for thinner films.
In addition, the sample stability is clearly improved by
reducing the width of the nanoslits (Figure S7e), easily
explicable by taking into account that, for narrow slits, the
surface area of copper exposed to the electrolyte and the
amount of electrolyte that can penetrate into the slits is limited.

Figure 4. Spectral shift of the plasmonic resonance of an inverse copper nanostructure with a film thickness of 30 nm, a length of the slits of 140
nm, width of the slits of 60 nm, and a periodicity in the x- and y-direction of 300 nm during (a) reduction and (b) oxidation with cyclic
voltammetry during the fifth voltage cycle. Measurements were performed with a scan rate of 5 mV/s between +0.5 V and −1.0 V vs Hg/HgO,
linear polarization is along the short axis of the nanoslits, exciting the fundamental LSPR resonance. The resonance position undergoes a blue shift
of as much as 180 nm during reduction and a red shift of 203 nm during oxidation. For spectra obtained during other cycles, see Figure S2.

Figure 5. (a) Cycling voltage (top) and color map of reflectance encoded in the color bar over time (bottom) during cyclic voltammetry with a
scan rate of 5 mV/s. The map displays the full spectral behavior, particularly the shift of the absolute reflectance value. The time interval within the
black frame is further investigated in (b), displaying the centroid wavelength of the plasmonic resonance spectrum during cyclic voltammetry (blue)
together with the periodically sweeped voltage (orange). At times exceeding the displayed interval, the centroid wavelength begins to shift out of
the measurable wavelength range above 1000 nm. The plasmonic resonance shifts considerably with the same periodicity as the voltage by up to
210 nm within 2.5 min. With every voltage cycle, the response becomes stronger and the plasmonic resonance undergoes an overall redshift.
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■ CONCLUSION AND OUTLOOK

An active plasmonic device with a resonance shift of 210 nm in
the visible to near-infrared range within 2.5 min was
successfully implemented with the use of inverse copper
nanoantennas. The obtained shift is among the highest
reported in literature so far.37 Switching can be performed
electrochemically with the method of cyclic voltammetry to
switch copper inside nanoslits between the elementary and the
oxidized state. The response upon switching increases with
every voltage cycle due to structural changes on the copper
surface. The response is slower but significantly enhanced for
slow scan rates around 5 mV/s. The sample stability can be
improved by using thin copper films with narrow slits. It could
be further enhanced by performing experiments with a
different electrolyte solution. Future steps toward the develop-
ment of pixelated active plasmonic devices include to
downscale the experiments to smaller arrays or even single
slits that can be addressed individually and to use oxygen
donors incorporated in a solid instead of the aqueous NaOH
electrolyte solution to develop an all-solid device with
increased stability. Additionally, different plasmonic geometries
such as perfect absorbers38,39 as well as Fano resonant
structures40 could be used to improve modulation depth and
wavelength selectivity. To enhance the accessible wavelength
range especially in the visible spectral range, it could be useful
to introduce other oxidizable materials than copper. Our
sample geometry might also be utilized for the resonant
vibrational detection of carbon monoxide molecules as a
product of the electrochemical reduction of carbon dioxide
with copper as a catalyst as the plasmon resonance can be
tuned to 2080 cm−1 (see Figure S8).
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