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In this paper we demonstrate that Ta/NiO bilayers may be use as high-efficiency, lithography
free, reflective structural color filters for generating broad color gamut. Experimental results show
that reflectance spectra present deep dips in the visible range, leading to strong structural colors
that can be adjusted via the NiO subwavelength layer thickness. Simulation based on thin film
interference theory allow to account for the experimental data. We demonstrate that the optical
interference effect is still effective when the films are deposited on a flexible substrates such as paper
and kapton, enabling to consider flexible color filtering applications.

I. INTRODUCTION

Selective interaction of light with matter (i.e. wave-
length selection) results in colors due to physical pro-
cesses such as absorption, reflection, refraction, scatter-
ing and interference. In a large number of cases, it
involves interaction with electrons (i.e. transitions in
band structures, orbitals...) [1]. Sometimes it may also
arise from geometrical devices such as nano- and micro-
structures. This is known as ”structural color”. It pro-
duces a selective reflectance of the incident white light ac-
cording to the nature and organization of the structure.
This structural color has been responsible for brighter
colors of living animals for million years [2] (i.e. for exam-
ple the bright and iridescent blue color from Morpho but-
terfly wings [3]). In the last decades, inspired by the nat-
ural living, interaction of light with man-made artificial
nano- and micro-structures have been intensively studied
[4, 5]. Various technological approaches were used such as
plasmon resonance from metal nanostructures, photonic
crystals, diffraction from nanostructures arrays, optical
resonance of metasurfaces and interference colors in thin
films [6-8]. The ability to manipulate light at nano and
microscale, has opened in the last decades a huge amount
of applications [9] such as color printing [10, 11], solar en-
ergy [12], infrared applications, anti reflection and color
coating [13, 14]. Conventional, lithography-free, optical
anti reflection coatings consist on a single thin film or
a stack of thin-films. Light Antireflection (AR) is here
based on the principle of destructive interference to su-
press reflection in the desired wavelenght range accord-
ing to the film thickness. However these AR coatings
are typically of a quarter wavelength thickness (\/4n,
where n is the refractive index of the material). Re-
cently, novel AR materials using ultra-thin films (with
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thickness much lower than A/4n) have been proposed,
consisting of lossy [15] or lossless [16] dielectric films de-
posited onto non-perfect metallic substrates. Moreover,
more complex multilayered structures based on symet-
rical (i.e metal-insulator-metal) [17] and unsymmetrical
Fabry-Perot cavities [18] have been proposed. Despite
the rapid development of structural color filters, most
nanostructures are rigid once fabricated. In recent years,
flexible devices have gained attention due to their poten-
tial applications for flexible electronics [9, 19-25].

In this paper we propose and demonstrate high-
efficiency, lithography free, reflective structural color fil-
tering for generating wide color gamut. The proposed
device structure is based on the low reflectivity metal
Ta semi-infinite layer covered with a lossless dielectric
nanometer-thick subwavelength NiO layer. NiO was cho-
sen because among all the optical AR coatings involving
different materials, NiO is rather overlooked [15, 17, 26—
31] and little explored [32] despite the fact that NiO thin
films have drawn much attention because their promising
potential applications in solar or optoelectronic devices
[33—41]. Moreover, because NiO may be considered as a
lossless dielectric in the visible range, Ta was chosen be-
cause it is a metal with low reflectivity which is manda-
tory to induce a strong light absorption [16, 32]. Ex-
perimental results show that reflectance spectra present
deep dips in the visible range, leading to strong struc-
tural colors that can be finely and continuously adjusted
via the NiO layer thickness. Simulated curves based on
thin film interference theory are in good agreement with
the experimental curves. We demonstrate that this op-
tical interference effect is still present when the films are
deposited on flexible substrates such as paper or kapton.

II. EXPERIMENTS

Commercially available Si/Si02 standard Silicon
substrates were used to deposit two-layered Ta (50
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FIG. 1. (a) Schematic drawing of the proposed re-
flective structural color filter. (b) X-ray diffraction
pattern of Si/Ta(50nm), Si/Ta(50nm)/NiO(90nm) and
Si/Ta(50nm)/NiO(150nm).

nm)/NiO(tn;0) structures. The Ta and NiO films where
deposited using radio frequency (RF) magnetron sput-
tering from 3 inches targets. The Ta film was deposited
under a power of 100 W and a pressure of 1072 mbar.
The NiO films were deposited under a power of 50 W
and a pressure of 6.1072 mbar. With these sputtering
conditions the growth rate for the Ta and for the NiO
are respectively 0.138 nm/s and 0.0395 nm/s. The nom-
inal NiO thickness were tn;0 = 34, 50, 61, 97, 119, 154,
169 and 181nm. Both layers where deposited without
substrate heating. A sketch of the stack is presented
on Fig.1(a). Structural analysis of the Ta film alone
and Ta/NiO films was carried out by X-Ray diffraction
(XRD) analysis using CuK radiation A = 1.54056 A and
presented on Fig.1(b). The XRD peaks positions are typ-
ical of the one observed on polycristalline Ta [42] and NiO
[43, 44] films.

Reflectance spectra were obtained using a collimated
light beam from a halogen white light source (Mikropack
HL-2000 Ocean Optics), a 12 degree incident angle, and
detecting the specular reflection with a 0.6 nm-resolution
Vis/NIR spectrometer (SARSPEC, SpecRes+).

The measurements of the refractive indices of Ta and
NiO were carried out in the optical region from 300 to
900 nm, at an angle of incidence of 70 degrees, using a
Horiba (UVISEL) variable-angle ellipsometer. The mea-
sured ellipsometric angles A and ¥ relate respectively
to the amplitude ratio and to the phase difference be-
tween the complex reflection coefficients according to
P /r¢ = tan(¥) 2. The results were analyzed with a
planar semi-infinite model for Ta and a multilayer model
for NiO layers deposited on a Si substrate. The model
consistency was verified for four different layer thick-
nesses.
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FIG. 2. Experimental and simulated reflectance spectra of
the Ta/NiO at 12 degree of incidence for different NiO thick-
nesses. Inset (left) simulated color (right) photograph of col-
ored samples.

III. RESULTS AND DISCUSSION
A. Reflectance spectra of Ta/NiO bilayers

Fig. 2 displays the experimental unpolarized re-
flectance spectra for Ta/NiO thin films for nine increasing
NiO layer thicknesses (0, 34, 50, 61, 97, 119, 154, 169 and
181 nm).

Clearly the uncoated Ta film has a weak reflectance
across the visible spectrum (i.e. it increases from 40
percent to 60 percent). For every NiO thickness, the
Ta/NiO bilayers show deep dips in the reflectance spec-
tra. Increasing of the NiO thickness redshifts the reso-
nance dips. It should be noted that for the lowest NiO
thicknesses (i.e. 34, 50 and 61 nm) the reflectance spectra
shows rather broad resonance compared to larger thick-
ness where the resonance is much sharper. Nevertheless,
for the lowest NiO thicknesses a near-zero reflectance is
still observed (from 1 to 3.8 percent of reflectance at the
dip). Such values are comparable to the one obtained
recently on Ni/NiO and Ti/TiO [32]. These sharp dips
in the reflectance spectra create a wide variety of inter-
ference colors as presented for each NiO/Ta sample on
Fig.2.

B. Simulation of the reflectance spectra

The underlying mechanism for the creation of various
colors can be explained in terms of multiple light reflec-
tions that occur at the film surface (here NiO) and the
interface between the film and the non-perfect metallic
substrate (here Ta) as sketched in Fig3. (a) [15, 45].
Complex refractive indices of the film and metallic sub-
strate results in non trivial interface phase shifts , which



can be modified by varying the degree of loss in the film
and substrate [13, 15, 16, 46, 47]. Total phase accumu-
lation includes both interface phase shifts and propaga-
tion in the film layer. Destructive interferences can thus
be obtained at particular wavelengths depending on the
sub-wavelength thickness of the film.

Let us consider light incident from air (N1=1) upon
a slightly absorbing film (i.e. NiO) with thickness t
and complex refractive index No=ns-+ike deposited on
a metallic semi-infinite substrate with complex refractive
index N3=ns+iks (i.e. Ta). The equations describing
the reflective behavior of incident light on such a three
layer structure are given by [13] :

_ Tio + roze®®
1+ r12r93e%¢®

(1)

where ¢=(27/A)tNacos(f2) is the complex phase shift
accumulated upon wave propagation in the NiO film and
r;; are the polarization-dependent Fresnel reflection co-
efficients for light refracted from medium i to j. These
coefficients for s- and p-polarization are given by :

s _ Nl COS(@i) — Nj COS(QJ') (2)
i = N; cos(0;) + Nj cos(6;)

p Nl COS(@j) — Nj COS(Oi)

" TN, cos(0;) + N cos(6;) ®)

The angle 6; are related to the incidence angle 6; by
Snell law, 6;=sin"*((Ny/N;)sin6;). Unpolarized light
means an equal amount of power in the s and p polariza-
tions, so that the effective reflectivity of the material is
just the average of the two reflectivities :

(R® + R?)

R=
2

with RSP = |r*P|? (4)

The color of the reflected light is thus determined by
the thickness of the NiO layer and the complex refractive
indices of NiO and Ta.

The simulated reflectance spectra were generated un-
der Matlab by computing equation (1) and (4) and the
results are presented in Fig.2 with the corresponding ex-
perimental reflectance spectra. In our simulations, the
incident angle 0; was set to 12 degrees. For each simu-
lated reflectance spectra the NiO thickess was taken as
the nominal deposited thickness. The refractive indices
of Ta (ns, ks) and NiO (ng, k2) used for the simulation
were those measured by variable-angle spectroscopic el-
lipsometry experiments that are displayed in Fig.3.

The NiO dispersion curves are fairly flat in the visible
range. The extinction coefficient k5 is near zero for 500 <
A < 900 nm and increases rapidly at A < 400 nm due to
electron interband excitation in the oxyde. Indeed, NiO
is a semiconductor with a direct band gap in the range of
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FIG. 3. (a) Schematic diagram of the light propagation in
the three layer structure (Air/NiO/Ta) (b) Measured real
and imaginary parts of the complex refractive index of NiO
(N2 = na + ik2) and Ta (N3 = ns + iks)(inset) obtained by
spectroscopic ellipsometry.

3.0-4.0 eV as usually observed for sputtered nickel oxyde
thin films [48]. The refractive index is between 2.46 and
2.24 in the visible region. Both NiO refractive index (ns)
and extinction coefficient (k2) dispersion curves are typ-
ical of NiO thin films [40, 49]. For tantalum, the refrac-
tive indices n3 and k3 respectively monotonously increase
from 1.63 and 1.85 to 3.22 and 4.03 for 300 < A < 900
nm.

It should be noted that because NiO is a lossless di-
electric in the visible range, light absorption principally
occurs inside the metallic substrate [16]

Fig.2 compares the simulated reflective spectra (solid
lines) to the experimental ones (dashed lines) and
presents a good agreement between experiments and nu-
merical predictions.

C. Color gamut

Each reflection spectra was transformed into CIE chro-
maticy coordinates x and y and was further converted to
to sSRGB values for display (detailed explanation for con-
verting spectra to colors maybe found in several textbook
[50] or papers [51]). Simulated sSRGB colors deduced from
the simulated reflectance spectra are presented in Fig.2
and turn out to be in good accordance with the observed
colors. In order to illustrate the variety of colors of our
proposed structure, and to explore the color gamut, we
have simulated color change in a wide range of NiO thick-
nesses. The results are presented in Fig.4. Clearly a rich
color palette may be obtained with NiO/Ta bilayers by
varying the NiO thickness.

Flexible structural colors attract extensive interest ow-
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FIG. 4. Grey dots: Simulated color gamut maped in the
CIE chromaticy diamgram, representing the range of color
variation when the thickness of the NiO layer is change from
5 to 200 nm in steps of 5 nm. Black dots : Chromaticity
coordinates of the measured reflectance spectra of our Ta/NiO
samples.

FIG. 5. Photographs of the Ta/NiO(154nm) sputtered on
(a) Kapton (left) Glass (right) (c) paper. (b) A gloved hand
bending the sample sputtered on Kapton

ing to their potential optolectronic applications. We have

thus sputtered the NiO/Ta bilayers onto different flexible
substrates: commercial Kapton®and commercial draw-
ing paper. The flexible structural colored samples with
different colors adhere perfectly onto these substrates.
Fig. 5 shows typical photographs for these flexible sam-
ples bent or not.

Because they are much thinner than the wavelength
of light, ultrathin coatings have a low sensitivity to the
angle of incidence. Indeed, with most of such coatings,
the absorption features remain prominent for angle of
incidence from 0 to 60 degrees as observed for lossy [15]
or lossless dielectrics [16]

Due to the low angular sensitivity enabled by the sub-
wavelength NiO layer thickness, the property of the flex-
ible structural color remains almost unchanged when the
colored membranes are bent. Furthermore, the fabrica-
tion technique of the flexible version of our color sys-
tem is compatible with current micro-/nanofabrication
industrial methods and has potential for large-scale pro-
duction.

IV. CONCLUSION

In this paper we have demonstrated that Ta/NiO
bilayers may be use as high-efficiency, lithography free,
reflective structural color filters for generating broad
color gamut. Experimental results show that reflectance
spectra present deep dips in the visible leading to
strong structural colors that can be adjust via the
NiO layer sub-wavelength thickness. Simulated curves
based on thin film interference effect well account for
the measured reflectivity spectra. Moreover we have
shown that this optical interference effect is still present
when the films are deposited on flexible substrates such
as paper an kapton which makes these nanostructures
widely applicable, and may be used for flexible color
filtering devices.
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