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Abstract: Active materials which show phase transitions, usually known as Phase Change
Materials (PCM), have paved the way to a new generation of reconfigurable plasmonic platforms.
Tunable color devices have experienced a great development in the recent years. In particular,
reflective color filters can take advantage from sunlight to select and reflect a specific resonant
wavelength in the visible spectrum range. Reflective displays are usually structural color filters
based on asymmetric Fabry-Perot cavities (AFPCs). For a fixed geometry, most of AFPCs
filters generate static color, limiting their potential as tunable color devices. Dynamic color
is achieved by introducing an active layer whose optical properties can be modulated by an
external stimuli. In this paper, we propose AFPCs based on molybdenum oxide (MoO,, 2<x<3)
to achieve switchable on/off color reflective pixels. On and off states of the pixels are controlled
through the stoichiometry of the MoO, layer.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Structural color filtering has emerged as an attractive alternative to chemical color. Although
pigments and dyes allow a wide viewing angle and high contrast ratio, their performance is
limited by the degradation produced by long-time illumination [1] and the fact that most of them
are not environmentally friendly [2]. Therefore, structural color has gained extensive attention
because of the wide range of possible applications such as color decoration, imaging sensing,
printing and optical imaging among others [3-9]. The most important aspects that must be
verified by structural color strategies for their successful applicability in the aforementioned
fields are: a wide color gamut, large viewing angle and scalable fabrication.

Color reflective displays are structural color filters usually based on plasmonic nanostructures
[10-15] and/or asymmetric Fabry-Perot cavities (AFPCs). Surrounding light is used as a source,
from which specific wavelength intervals within the visible spectrum are reflected. Color can be
tuned modifying light source, polarization, incidence angle and the material and geometry of the
cavities which compose the reflective display. CMY (cyan-magenta-yellow) substractive colors
present higher reflectivity than RGB (red-green-blue) color system [16], so that CMY reflective
subpixels allow the generation of an efficient gamut color device. Reflective subpixels can be
considered the most efficient configuration for many situations as they can provide color with
good visibility and without power consumption. By contrast, emissive displays, such as LED and
OLED, need to increase power intensity to guarantee good outdoor visibility [17].

There are several studies proposing different designs of AFPCs reflective color filters [18-22].
One of the most common configurations consists on a metal-insulator-metal (MIM) structure.
This configuration is composed by a thin metal layer to control the spectral bandwidth of the
reflectance peaks, a dielectric spacer to tune the resonant wavelength in the cavity and a second
metal layer that works as a mirror to reflect the incident light. However, most of the proposed
MIM color filters generate static color for a fixed geometry, limiting their potential as actively
tunable color devices. One way of solving this consists in introducing an active layer which
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usually is made of a phase-change material (PCM). The peculiarity of these materials is that they
can be switched between their crystalline and amorphous phases by either controlled electrical,
optical or thermal excitation [23]. This process leads to a modulation of their optical and electrical
properties without requiring a energy supply to maintain the switched state. Is this controlled
modulation of the optical properties through external stimuli which has been introduced as an
innovative element in AFPCs to create dynamic color pixels. The most known PCMs are the
GST-family due to the chalcogenide Ge,Sb,Tes, which has revolutionized the blooming field
of phase-change photonics. For instance, very recent studies have proposed a ITO/GST/ITO/Pt
design, where GST acts as the active layer that allows the modulation of the reflective color
[24-28]. Other authors have proposed the use of GeTe as active element in this type of AFPC
structure [29].

In this paper, we propose reconfigurable AFPCs whose active layer is based on molybdenum
oxides (MoO,, 2<x<3) in order to achieve a switchable on/off color display. Molybdenum oxide
can exist as semi-metallic MoO,, wide band gap MoQO3 and in a wide range of stoichiometries
MOOX with 2<x<3 (i.e. M018052, M017047, M09026, M08023, MO5014 and MO40]1). The
change in the oxygen content strongly affects its band structure and, consequently, its optical
behavior. In our proposed reflective display configuration, MoO3 acts as a loss-less transparent
dielectric in the visible (E,,, ~ 3 €V depending on the crystallinity [30]), allowing the production
and modulation of vivid colors inside the AFPCs (on mode). On the contrary, MoO; absorbs
the visible light and a constant dull color is reflected (off mode). Molybdenum oxides can be
considered a non volatile material, i.e., it does not require a constant energy supply of energy
to keep the switched state. Interestingly, the intervalence charge-transfer modulation within
diverse valence state of Mo, going from Mo%" (M00O3), to Mo>* and finally to Mo** (M0O,),
i.e., the MoO3/MoO, phase transition, can be switched thermally by annealing at 400°C in
air or hydrogen, involving the thermal activated adsorption/desorption of oxygen according to
reactions,

2Mo0O; + Oy — 2Mo0O3

or
MOO3 + H2 - M002 + H20

Noteworthy, this innovative way of modulating the annealing and therefore the oxygen content
and phase transition in oxides has been recently reported for the PCM VO, [31].

Those annealing and phase transitions can be operated starting from deposited MoO3 or MoO»;
that can be obtained by (i) controlling the stoichiometry during the growth by the oxygen partial
pressure, or (if) by post growth processing which includes ion bombardment, which results in the
preferential loss of bridging oxygen atoms and oxygen plasmas.

2. Device design and working principle
2.1. Layer geometry

The designed reflective display structures are based on asymmetric Fabry-Perot cavities (AFPCs)
as the one shown in Fig. 1. A multi-layer film stack composed of indium tin oxide (ITO)/
molybdenum oxide (MoO,)/ ITO / platinum (Pt). The first ITO layer thickness is fixed to 20
nm and the Pt layer is thick enough as to be considered a semi-infinite medium (substrate).
The thicknesses of the second ITO layer (spacer) and the MoO, layer have been varied for the
optimization of the device.

Each material and layer plays a different role. The Pt substrate is a good choice for the mirror
due to its high melting point (1768°C) and environmental stability. Moreover, Pt is compatible
with the integration of a microheater into the bottom of the mirror for each pixel [29]. The active
element, MoO,, is a material whose carrier density can be modulated by adjusting its oxygen
content. The change in stoichiometry, x, affects its optical response. In MoO3, O, orbitals
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give rise to the highest occupied states wherein electrons are fully localized around the O atoms
leading to a semiconducting behavior. However, the Fermi level of MoQ; is composed of Mosy
orbitals that show metallic behaviour. Moreover, calculations of electron localization functions
have shown that the free electron gas density is higher for MoO, than for MoO3 [32]. Therefore,
by switching from MoO3; to MoO,, a semiconductor - conductor transition is triggered, giving
rise to a modulation of the light-matter interaction [33]. In this design, two measurements of
oxygen contents are considered: x=2.9 (on) and x=2.1 (off). In the on state light can travel trough
it, allowing Fabry-Perot reflection resonances which in turn produce vivid colors. However in the
off state most of the light is absorbed, resonances are not produced and a pale unsaturated color
is reflected.

Fig. 1. Schematic structure of the designed reflective display based on an asymmetric
Fabry-Perot cavity made of a mutilayer film whose elements are ITO/MoO,/ITO spacer/Pt.

Indium tin oxide (ITO) is a transparent conductive oxide. It was chosen to be at the top of the
stack to protect MoO, from the environment attack. In addition, it is proposed to act as a spacer
between the MoO, and Pt layers. The thickness of the ITO spacer layer can be used as a tuning
element of the resonant wavelength in the cavity, and thus, of the reflective color. Given the
high electrical conductivity of ITO, it can be used to apply a local voltage bias between the ITO
spacer and a AFM cantilever while producing Joule heating locally in each pixel to activate the
phase transition of MoO, [25]. However, the main goal of ITO is wrapping MoO, to control the
oxygen content of the MoO, layer. The refractive index of molybdenum oxide for both oxygen
contents is shown in Figs. 2(a) and 2(b). The imaginary part of the refractive index k is almost
zero in the on mode and greater than one in the off state.

The color reflective pixel can be considered as a FP interferometer. The light undergoes
multiple reflections within the cavity. When the optical path difference between two reflected
rays verifies either

A
2ndcosd = (2m + 1)5 (D

or
2ndcosd = mA ()

constructive or destructive interference takes place, respectively. In both equations, 6 is the
incident angle, n is the complex refractive index of the cavity, d its thickness, A is the incident
wavelength and m is the resonance order (m = 0, 1,2 - - - ). Constructive interference corresponds
to reflectance maxima and destructive interference to reflectance minima. An example of
interference pattern generated by the display has been simulated considering the refractive index
of MoO, x=2.9 (Fig. 2(c)) and x = 2.1 (Fig. 2(d)). In these simulations, reflectivity in 2D is
represented as a function of the incident angle, for a ITO spacer and MoO, thickness d=3um
and a wavelength 1=482nm. Each ring is associated with a different resonance order m. When
the display is switched to the off mode, interference cannot be produced due to absorption
predominance.
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Fig. 2. Complex refractive index for x=2.9 (a) and x=2.1 (b) as a function of the wavelength
(nm). (c) and (d) represent the interference patterns of the reflected radiation in a AFPC made
of a ITO spacer and a MoOy, film of thickness d=3 um for x=2.9 and x=2.1, respectively.
The incident wavelength is 482 nm.

2.2. Reflectance and colorimetry

The reflectance of the multilayer structure was calculated using the Transfer Matrix Method
(TMM). TMM allows to calculate the reflectance spectrum of an arbitrary system of homogeneous
and non-magnetic multilayers by establishing conditions for the electric field along the boundary
of two consecutive media [34,35].

The resulting color depends on spectral reflectivity, illuminant and observer. All the color
simulations in this research assume standard D65 illuminant and a CIE standard observer.
Illuminant D65 corresponds to average daylight, and CIE standard observer represents mean
human spectral sensitivity to visible spectrum range. [36,37]. In this paper, CIE1931 space has
been chosen because is one of the most accepted to study the resulting color by these reflective
displays. Each color is represented by its chromaticity coordinates (x,y,z). The difference AE
between two of them can be expressed as

AE = \J(x1 = 22P + (1 = 2P + (1 — 22)? 3)

CMY color system is often beneficial because it increases the overall reflectivity (R=M+Y,
G=C+Y, B=C+M). To generate red, green or blue in the substractive color system, two of the
three subpixels are mixed. This means that higher amount of light is reflected compared to RGB
system where just one subpixel would reflect incident light. Therefore, mixing CMY reflective
subpixels can provide a wide color gamut device with a higher luminosity.

The reflective color depends on ITO spacer and MoO, thicknesses and in the amount of oxygen
content x in the molybdenum oxide layer. Figure 3 shows the resulting collection of reflective
colors that can be generated by modifying the MoO, layer thicknesses from 20 to 200 nm and the
ITO spacer thickness from 20 to 300 nm, at normal incidence and with non-polarized light. For
each MoO, thickness, the generated color for x = 2.9 (left, on mode) and for x = 2.1 (right, off
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mode) is shown. In this way, the change in color for each state, as well as the contrast between on
and off modes can be observed simultaneously for all the analyzed configurations. Thicknesses
from 20 nm have been considered to use the bulk dielectric function of these materials.
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Fig. 3. Simulation of colors than can be achieved with the designed reflective display
ITO/MoO,/ITO/Pt (normal incidence and non polarized light) for MoO, thicknesses from
20 to 200 nm and ITO spacer thicknesses from 20 to 300 nm. Each MoOy thickness point
shows the reflected color for x = 2.9 (left) and for x = 2.1 (right) case. For x=2.9 (on mode)
a colored line can be observed whose color changes as a function of the ITO spacer thickness.
For x=2.1 (off mode) a uniform line can be seen since there is no dominant color due to
the high absorptivity in the active layer. This pale color is more notorious as the MoO,
thickness is increased.

2.3.  Optimization algorithm

The main challenge is to find thicknesses of both ITO spacer and MoO, layer from Fig. 3 that
simultaneously generate the best CMY for the on mode and a similar color for their complementary
off mode colors. An example of this goal is represented in Fig. 4(a). In this diagram, the vertices
of the triangle represent the CMY standard coordinates. White points represent on colors and
should be close to those vertices. Conversely, black points (off colors) should be far from them
and close to each other revealing a constant and similar generated color. Dashed lines joint the
CMY on states with their corresponding off modes.

Different magnitudes are represented in Fig. 4(a). AE¢, AEy and AEy correspond to the
color difference between on states and standard CMY coordinates by applying Eq. (3). AEcy,
AEyy and AEcy correspond to the color difference between the off modes (cyan-magenta,
magenta-yellow and cyan-yellow off states, respectively). (AE,,) and (AE,q) can be defined as
the mean color differences for the on and off states. They can be expressed as

AEc + AEy + AEy

(AEon) = 3 )
(AEoﬁr> _ AEcy + AE3MY + AEcy (5)

Both magnitudes can be used to measure the quality of the two states. The ideal thicknesses
would be the ones that make minimum both (AE,,) and (AE,y). That would means that "good"
CMY colors in the on mode and a constant color in the off mode have been achieved. To make
this election, an optimization algorithm has been created. The first step consists in making 3
sort lists of the 100 coupled thickness of MoO, and ITO from Fig. 3 that makes minimum
AEc, AEy; and AEy respectively. This means that 1003 possible configurations can be studied
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Fig. 4. (a) Chromaticity diagram where standard CMY coordinates (triangle vertices) and
theoretical on (white points) and off (black points) colors are represented. (b) (AE,q) as a
function of (AE,,) for the selected thicknesses by the algorithm. (c) Representation of the
thicknesses chosen by the algorithm to generate suitable CMY on colors and a similar pale
color in the off mode.

in terms of (AE,,). To reduce this point cloud, the algorithm selects those points that makes
minimum (AE,z). The resulting points are plotted in Fig. 4(b). A decreasing tendency can be
appreciated. The thicknesses that works better to create a CMY on state is the worse when it
comes to generating the off mode. An equilibrium between both magnitudes should be addressed.
To tackle this issue, the selected point by the algorithm is the one rounded in red. The thicknesses
of both ITO and MoO; layers that generate the selected point are shown in Table 1 and represented
in Fig. 4(c).

Table 1. MoOyx and ITO thicknesses that generate the
optimized cyan (C), magenta (M) and yellow (Y).

Color MoO; thickness (nm) ITO thickness (nm)
C 172 20
M 146 20
Y 102 20

The ITO thicknesses is the same for the 3 cases and fits the minimum thickness imposed by
the algorithm (20 nm). Both thicknesses can be modified to tune the resonant wavelength in
the on state, and consequently, the reflective color. As they are increased, a spectral redshift
in the visible range and a larger number of modes are obtained. It can be considered that both
MoO, and ITO spacer layers form a single effective medium. So, when one of their thicknesses
increases, the other should be reduced in order to guarantee interference condition. Therefore, it
is better to fix ITO spacer to 20 nm and increase MoO, layer to absorb more amount of light and
consequently, to generate the most pale color in the off state.

3. Results

The CMY colors obtained after the optimization of the MoO, and ITO spacer layers in the
proposed multilayered structure are shown in Fig. 5(a). The optimized CMY colors for on mode
are plotted (left ) along with the uniform flat colors generated in the off mode (center) and the
standard CMY (right). Figure 5(b) shows the representation of these colors in the chromaticity
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diagram. White points (on colors) are close to standard CMY coordinates. Black points (off
colors) are far from them and close to each other bringing out a similar generated color.
Reflected colors are the result of constructive interference at specific wavelengths. Cyan is
generated by a resonant wavelength between 485 and 500 nm. Magenta is an hybrid of red
(625-740 nm) and blue (450-485 nm) modes. Yellow reflectance peak is generated between 565
and 590 nm. The spectral reflectivity of the generated CMY colors, i.e, for the thicknesses in
Table 1, are shown in Figs. 5(c) and 5(d) for the on and off modes, respectively. The CMY
resonant wavelengths are represented by dashed lines in Fig. 5(c) and are shown in Table 2.

Table 2. Resonant wavelengths for cyan (C),
magenta (M) and yellow (Y).

Color Resonant Wavelength (nm)
C 485
M 442 (B) + 740 (R)
Y 608

Figure 5(d) shows very flat reflectivity curves in all the visible spectrum range for the three off
modes due to the high absorption of molybdenum oxide. This is the reason for a similar pale
reflected color. In contrast, in Fig. 5(c), CMY resonances wavelengths generate reflective peaks
and consequently, vivid colors can be reflected. The spectral bandwidth was larger for the red
and yellow modes (long wavelengths) because its Fabry-Perot resonances are of first order. In
contrast, cyan and blue modes (short wavelengths) correspond to resonances of second order. The
higher the order, the narrower the bandwidth. Therefore, the use of higher resonance orders is
favorable in terms of color gamut to obtain monochromatic colors. However, when the resonance
order is high, the distance between different resonances decreases, leading to undesirable peaks
in the visible spectrum range.

All the above color simulations have been calculated at normal incidence. The real situation
is that the display receives surrounding light at different incident angles, so reflectivity shows
angular dependence, and consequently, reflected color may show differences for every viewing
angle. In order to assess the importance of this issue, Figs. 5(e) and 5(f) shows respectively, the
reflective color of the on and off modes for different incident angles.

In the Lab space, color difference is perceptible for a common human eye when AE > 2
[38]. In CIE1931 space, a threshold AE cannot be defined due to the absence of a linear
relationship between chromaticity coordinates and visual perception (MacAdam ellipses [36—38]).
In this paper, the viewing angle will be defined as the limit angle from which AE respect to
normal incidence is larger than 2 in Lab space. For smaller angles, an incident angle-invariant
substractive colors is considered. The viewing angles for the on state are 11.3°, 12.9° and 18.3°
for cyan, magenta and yellow, respectively. Cyan and magenta present lower viewing angle than
yellow. As previously stated, cyan and blue modes present smaller bandwidth because they are
a consequence of second order resonances. The smaller the bandwidth, the stronger the effect
of the blueshift on the reflected color. Blueshift is generated as a consequence of constructive
interference condition. When incidence angle is increased, its cosine decreases, and therefore the
wavelength A decreases to keep the resonance condition.

This blueshift can be observed in Fig. 5(g). In the off mode, CMY colors show a viewing
angle of around 36.5°. Off modes present higher viewing angle because, in general, their color
coordinates do not depend on the resonant modes, and blueshift does not affect so much. In
Fig. 5(h), the collection of colors for the different viewing angles is gathered in the chromaticity
diagram. Arrows show the change in their coordinates as the angle of incidence is increased.



Research Article

Vol. 29, No. 13/21 June 2021/ Optics Express 19424 |

Optics EXPRESS

a
Y
M >
(o}
On Off Ref

C
0.7

Reflection On

Reflectivity
Reflectivity

cyan

blue

450 500 550

Wavelength (nm)

-

650

c
0° 10° 20° 30° 40° 50° 60° Ref
g
750
cyan
700 —blue
——red
?650 yellow
£
£ 600 1
B0
]
< 550 1
3
= 500
450 1
e ]
400 . . . N
0 10 20 30 40 50 60

Angular Incidence (°)

d

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.7
cyan

——magenta
yellow

/

/

0
400

450 500 550 600

Wavelength (nm)

650

X

Fig. 5. (a) CMY colors generated by the reflective display for the on (left) and the off
(center) modes compared to the standard CMY (right) as reference. (b) CMY colors
generated by the reflective display for the on (white points) and off modes (black points)
in the chromaticity diagram. Spectral reflectivity for optimized CMY in the on (c) and off
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4. Conclusions

We have designed a switchable on/off color reflective display made of AFPC based "pixels". An
active layer of molybdenum oxide is introduced in the filter stack ITO/MoO,/ITO/Pt). Both
modes can be generated due to the transition of MoO, between a high absorbing medium and
a transparent one when its oxygen content is increased from x = 2 to x = 3. This leads to the
generation of proximate colors to standard CMY for the on mode and a constant pale color for the
respective off state. To determine MoO, and ITO thicknesses for this propose, an optimization
algorithm has been created. This algorithm looks for an equilibrium between low AE respect
CMY in the on mode and low AE between CMY off modes. This optimization is made for
normal incidence, but AFPC reflectivity and the corresponding color, shows angular dependence.
An angular study has been performed to simulate color for different incident angles. An Incident
angle invariant substractive colors within the O to + 11.3° has been obtained. In this range,
reflected color remain constant and color difference cannot be appreciated by human perception.
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