

  physics-03-00038




physics-03-00038







Physics 2021, 3(3), 655-663; doi:10.3390/physics3030038




Article



Design of Switchable On/Off Subpixels for Primary Color Generation Based on Molybdenum Oxide Gratings



Gonzalo Santos 1, Francisco González 1, Dolores Ortiz 1, José María Saiz 1, Maria Losurdo 2[image: Orcid], Yael Gutiérrez 2 and Fernando Moreno 1,*[image: Orcid]





1



Department of Applied Physics, Universidad de Cantabria, Avda. Los Castros s/n, 39005 Santander, Spain






2



Institute of Nanotechnology, CNR-NANOTEC, Via Orabona 4, 70126 Bari, Italy









*



Correspondence: morenof@unican.es







Received: 2 June 2021 / Accepted: 9 August 2021 / Published: 12 August 2021



Abstract

:

Structural color emerges from the interaction of light with structured matter when its dimension is comparable to the incident wavelength. The reflected color can be switched by controlling such interaction with materials whose properties can be changed through external stimuli such as electrical, optical, or thermal excitation. In this research, a molybdenum oxide (MoOx) reflective grating to get a switchable on/off subpixel is designed and analyzed. The design is based on subpixel on and off states that could be controlled through the oxidation degree of MoOx. A suitable combination of three of these subpixels, optimized to get a control of primary colors, red, green, and blue, can lead to a pixel which can cover a wide range of colors in the color space for reflective display applications.
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1. Introduction


For centuries, color has been a quite interesting topic for the scientific community [1,2]. The first systematic study was made by Newton when he performed his classical experiment, i.e., analysis and synthesis of light with a glass prism. Newton stated that the spectrum was constituted by seven colors: red, orange, yellow, green, blue, indigo, and violet. However, most colors in nature are not spectrally pure or able to fit in a small region of the spectrum, since they are often a result of a combination of phenomena. The color of a radiation depends not only on the reflectance—or transmittance—of the last object it went through, but also on the kind of illuminant and the photopic curve of the observer. Although a wide range of magnitudes can be used to characterize color, the best attributes according to the International Commission on Illumination (CIE) are chromaticity, brightness, and contrast [3].



Structural color is one of the most common manifestations of color in nature [4]. It is based on the selective light reflection depending on the interaction between light and structured matter (typically at nano- and microscale). This is the main pigmentary difference in which color is originated by the absorption of the electrons present in the pigment [5].



The most common mechanisms for obtaining structural colors are based on interference, diffraction, scattering, and photonic crystals [6]. Film interference can be considered as a typical Fabry–Perot (FP) effect. In such systems, light undergoes multiple reflections. When the optical path difference between two reflected rays is an odd multiple of a half of the incident wavelength, constructive interference takes place in specific spectral intervals and vivid colors can be generated. Many reflective displays are based on this phenomenon [7,8,9,10,11]. A typical configuration is a metal–insulator–metal (MIM) stack. A thin metal layer is used to control the spectral width of the reflectance peaks, a dielectric spacer tunes the resonant wavelength in the cavity, and a second metal layer works as a bottom mirror. However, if one looks for monochromatic intervals, there is an important drawback; these types of FP configurations generate reflectance resonances with a broad spectral width, and more than one resonance (second-order or even higher) is often generated, leading to undesirable resonance peaks in the visible range. This can be overcome by using diffraction gratings. They allow to generate narrow and isolated peaks in the visible part of the electromagnetic spectrum.



The diffraction effect by a grating is comparable to the multiple interference generated in FP cavities. The grating efficiency is determined by the period, functional shape of the profile, depth of the periodic structure, materials, angle of incidence and observation direction, wavelength, and polarization. Wood anomalies are known concept in the diffraction by periodic gratings [12]. The adjective “anomalies” is because, when discovered by R. Wood in 1902 [13], there was no clear explanation for the observation of narrow reflectance peaks in diffraction gratings. For metals, this is now explained because of surface plasmon excitation [12]. For dielectric gratings, the effect is due to the coupling of the propagating diffracted rays to the modes of the waveguide underneath, leading to guided mode resonances (GMR) [14,15]. The spectral width of a GMR is usually quite narrow; thus, as later shown, this is a favorable feature in terms of obtaining a wide color gamut. Although diffraction gratings have been proposed previously for their use on reflective displays [16,17,18,19,20], most of the gratings cannot control the reflectance for a fixed geometry. In this situation, only “static” colors are generated, which limits their potential as actively tunable color devices. A more recent study proposed a dielectric grating based on ITO to obtain an active color display by changing its permittivity with electrically tunable electron densities [21]. An alternative solution to the one proposed in [21] is the use of phase-change materials (PCM).



The most extended PCMs are chalcogenide materials. These are compounds of elements of the chalcogen group (sulfur, selenium, and tellurium) bound to network formers such as arsenic, germanium, antimony, and gallium [22]. They are known as the GST family due to the chalcogenide Ge2Sb2Te5, which has revolutionized the blooming field of phase-change photonics. The peculiarity of these materials is that they can be switched between their crystalline and amorphous phases by controlled electrical, optical, or thermal excitation [23,24]. This process leads to a modulation of their optical and electrical properties. Another known PCM is vanadium dioxide (VO2). VO2 is a strongly correlated material that is dielectric at room temperature and becomes metallic in the infrared spectrum when heated at around 340 K [25,26,27]. On the other hand, molybdenum oxide (MoOx) presents a metal–semiconductor transition in the visible (Vis) spectrum, by changing its oxidation degree from MoO2 (metal) to MoO3 (semiconductor), which makes it suitable for applications in this range such as reflective displays among others [28]. Very recently, a switchable pixel based on an FP configuration with MoOx for color reflective displays was presented [29].



In this research, the design of a dielectric grating based on molybdenum oxide is proposed as a switchable on/off pixel for a color display. MoOx can be considered a nonvolatile phase-change material, i.e., it does not require a constant energy supply of energy to keep the switched state. It can exist as MoO2 or MoO3 and has a wide variety of nonstoichiometric oxides. The change in the oxygen content strongly affects the band structure and, consequently, its optical behavior. In MoO3, O 2p orbitals give rise to the highest occupied states, wherein electrons are fully localized around the O atoms, giving a semiconducting behavior. However, the Fermi level of MoO2 is composed of O 3d orbitals that present the characteristics of a metal [30]. Therefore, by changing the oxidation state from MoO3 to MoO2 a semiconductor–conductor–metal transition is triggered, allowing a modulation of the light–matter interaction. Interestingly, the literature shows that the intervalence charge-transfer modulation within diverse valence states of Mo, going from Mo6+ (MoO3) to Mo5+ and finally to Mo4+ (MoO2), can occur thermally by annealing at 400 °C in air (oxidation of MoO2 to Mo3) [31,32] or in a reduction environment (reduction from MoO3 to MoO2), e.g., using a gas such as hydrogen or propane (which is a source of hydrogen), [32,33] involving the thermal-activated adsorption/desorption of oxygen.



As for oxidation [31,32], the feasibility of oxidation even from MoS2 to MoO2 and MoO3 in air has also been shown by green laser irradiation on a millisecond time scale [34].



This annealing and change of oxidation state can be operated starting from deposited MoO3 or MoO2, which can be obtained (i) by controlling the stoichiometry during the growth by the oxygen partial pressure, or (ii) by post-growth processing which includes ion bombardment, which results in the preferential loss of bridging oxygen atoms and oxygen plasmas.



Noteworthy, this innovative way of modulating the oxygen content in oxides has been recently reported for the phase-change material VO2 [35].



Although work is in progress for the practical implementation of this approach to MoOx, the oxidation/hydrogenation approach has already been implemented in dynamic color devices [36], even using another material (magnesium, Mg), moving it between the two states of oxidation to MgO and hydrogenation to MgH2.



According to this concept of oxidation/reduction applied to MoOx, MoO3 acts as a lossless transparent dielectric in the visible range (Egap = 3 eV depending on the crystallinity), allowing the coupling of narrow modes of the GMR kind and, therefore, opening the possibility of getting vivid colors in the reflectance. On the contrary, MoO2 absorbs the visible spectrum range and Wood anomalies cannot be generated, reflecting a pale color.



For an accurate description of the proposed color display, this paper is divided into various sections. Section 2 is devoted to describing the device design, Section 3 contains details about the numerical simulation method, Section 4 develops the working principle and Section 5 and Section 6 contain, respectively, the main results and conclusions of this research.




2. Pixel Model


In this research, the reflective display pixel constituted three subpixels, each one associated to a primary color, red (R), green (G), and blue (B). Their reflection properties can be controlled through the optical properties of the MoOx material according to what has been described previously. Each subpixel is a reflective diffraction grating based on periodic MoOx ribs over a silicon dioxide (SiO2) substrate, as shown in Figure 1 (top). A microheater [37] can be located under the substrate to control the annealing process under an oxygen or hydrogen atmosphere.



As MoOx is the active tunable material of the reflective display, on and off states can be generated and controlled depending on its stoichiometry. In this work, two measurements of oxygen contents were considered: x = 2.9 (on) and x = 2.1 (off). The refractive index of molybdenum oxide for both oxygen contents is also shown in Figure 1 (bottom left and bottom right, respectively). The imaginary part of the refractive index, k, is almost zero in the on mode and greater than one in the off state. In the on state, light can travel through it, allowing the generation of a GMR (see Section 4 for more details), which in turn produces vivid colors. However, in the off state, most of the light is absorbed. In this case, resonances are not produced, and a pale unsaturated color is reflected. These optical constants for both oxygen contents were obtained from the literature [38].



In general, the main parameters for the characterization of a diffraction grating are the duty cycle, D, the height, d, of the ribs, the period, P, the polarization (perpendicular to rib direction, p-polarization), and the incident angle, θ. The duty cycle D can be considered as the ratio between the width of the rib, w, and the period P. The first three parameters can be varied for the optimization of the device. The optimization is based on the achievement of the best primary colors, R, G, and B. Each primary color corresponds to a different grating (subpixel) with different parameters. Their suitable combination gives rise to the desired color.



All results were simulated considering normal incidence and light polarization perpendicular to the rib direction. For simplicity, this polarization was chosen in order to ignore the length of the ribs, allowing the study of the system under a 2D geometrical configuration without losing physical information.




3. Numerical Simulation Method


Spectral reflectivity was calculated using finite-difference time-domain (FDTD) simulation (LUMERICAL). This is a numerical analysis technique used for modeling computational electrodynamics (finding approximate solutions to a system of coupled differential equations by time discretization). Nonuniform mesh settings were used in these simulations, and the source used was always a plane wave. Periodicity boundary conditions were used to simulate an infinite number of MoOx ribs over a silicon dioxide substrate.



All color simulations within this work assume a standard D65 illuminant, corresponding to average daylight, and a CIE standard observer (2°), representing mean human spectral sensitivity to visible spectrum range under 2° field observation [39,40]. As sunlight is not polarized and this study was performed for p-polarization, some polarizing element should be used in the actual device for the accurate generation of the colors described in this work.



The most common color space to characterize the color generated by reflective displays, as cited in the introduction, is CIE1931. In this space, color is defined by its tristimulus values (x, y, z) in the chromaticity diagram. In this diagram, it is possible to compare the simulated red, green, and blue colors generated by the device with the standard ones (sRGB).




4. Working Principle: Wood Anomalies and the Guided Mode Resonance


The color reflected by the designed subpixel device in the on mode is the result of the excitation of guided waves by the grating, also known as Wood anomalies [14]. This high-reflectance phenomenon is based on coupling light propagating in free space to the grating, leading to GMRs [41]. To better understand this phenomenon, spectral reflectivity and the electric and magnetic fields in the near-field regime of the proposed device were analyzed for a given subpixel case. To simulate an example, diffraction grating parameters were fixed to d = 150 nm, P = 340 nm, and D = 0.6 (normal incidence and p-polarization were also assumed).



In Figure 2a,b, the grating spectral reflectivity is shown for the on and off modes, respectively. In the on mode, a narrow reflectance peak appears at a wavelength around 517 nm. There is a single resonance because a mode is excited and guided by the subwavelength grating. On the contrary, the spectral reflectivity in the off state is a flat curve due to the absorbance predominance of MoO2.1, making impossible the generation of GMR.



The modules of the electric and magnetic fields for the on state and λ = 517 nm are represented in Figure 2c,d, respectively, where guided mode resonances can clearly be observed. Such resonances come from a coupling between nonhomogeneous diffraction orders and the eigenmodes of the grating (Wood anomalies) [41]. As a result, the electric dipole resonance is produced at the MoOx–SiO2 interface (the two hotspots in Figure 2c). The coupling of all the dipoles produced in each rib is attributed to the narrow and high reflectance peak. Depending on the number of interacting ribs (i.e., number of interacting dipoles), the electromagnetic response is different. A higher number of ribs leads to more efficient coupling. To assess the importance of this issue, the same simulation shown in Figure 2a was performed but now considering a finite number of ribs (Figure 3a). As this number was increased, the reflectance was more similar to that simulated by periodic boundary conditions. Figure 3b shows that a reflectance stationary regime was reached from a number of approximately 150 ribs.



Analogous simulations are presented in Figure 2e,f for the off state. No modes were excited due to the high value of the extinction coefficient k of MoO2.1.




5. Results


The results are based on the optimization of each reflective grating subpixel to generate the best primary colors. For normal incidence and p-polarization, the way to control the GMR is by varying the duty cycle, the period, or the rib height. Although color does not only depend on spectral reflectivity, for RGB optimization, those magnitudes (D, P, d) were analyzed to generate resonances at 460 nm (blue), 520 nm (green), and 620 nm (red). Moreover, a good contrast between the on and off colors should be addressed. The grating subpixel parameters used for color primary generation are shown in Table 1.



The corresponding spectral reflectivities are shown in Figure 4a,b for the on and the off states, respectively. The height, the bandwidth, and the spectral position of those resonances delimited the quality of the generated color. For small bandwidths, monochromatic colors were obtained. However, a lower bandwidth led to less light being reflected. Therefore, the luminosity of the color was too low, generating a very dark color. For this reason, an equilibrium should be required. The resulting colors of these resonances are represented in Figure 4c,d for the on and the off states respectively, and both are plotted in CIE1931 in Figure 4e. On colors (white points) are close to standard RGB coordinates (triangle vertices). However, off colors (black points) are far from those vertices and close to each other, revealing a pale and similar color. A large color gamut can be obtained through this system.




6. Conclusions


In this paper, a switchable on/off color reflective pixel model based on resonant effects by reflective subwavelength diffraction gratings (subpixel) was designed. The pixel model consisted of a suitable combination of three of those subpixels, each one optimized to generate a primary color, red (R), green (G), or blue (B). The excited resonances in each subpixel can be considered as the collective effect of the electric dipole modes generated in each grating rib for resonant wavelengths. Consequently, the generated color can be tuned spectrally by changing the height, period, and duty cycle of the grating of each subpixel. On/off modes can be generated in each subpixel due to the change in oxidation state of molybdenum oxide (MoOx) from MoO2 to MoO3. This leads to the generation of a wide gamut of colors close to standard sRGB ones for the on mode and a pale color for the respective off state. Compared to other reflective devices based on the Fabry–Perot phenomenon, narrower reflectance peaks can be obtained due to the characteristics of the excited grating resonances, which correspond to the Wood anomalies. This allows the reflection of monochromatic colors and the generation of a large color gamut for applications in color reflective displays.
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Figure 1. Scheme of the reflected display unit (subpixel associated with a primary color). This design is based on a periodic structure of ribs made of molybdenum oxide (MoOx) over a SiO2 substrate. Depending on the amount of oxygen content, MoOx is either a transparent medium to visible radiation (on state) or an absorbing one (off state) (see the extinction coefficient k of the refractive index [38]). The transition between both states can be triggered by controlling the amount of H2 or O2 (see [35,36]). 
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Figure 2. Reflectance of the proposed subpixel for the grating parameters d = 150 nm, p = 340 nm, and D = 0.6 for the (a) on and (b) off states, respectively. For the transparent version of the MoOx ribs, the reflection of the grating peaks occurs at λ = 517 nm. Square module of the electric field in near-field regime when the incident wavelength is λ = 517 nm (spectral position of the reflectance maximum) for the (c) on and (e) off states, respectively. Square modulus of the magnetic field in the near-field regime when the incident wavelength is λ = 517 nm for the (d) on and (f) off states, respectively. The electric field is orthogonal to the grating ribs and the magnetic field is parallel. 
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Figure 3. (a) Spectral reflectivity of the proposed device fixing grating parameters to d = 150 nm, P = 340 nm, and D = 0.6 (on state) for different numbers of ribs. (b) Maximum reflectance of the resonances generated by changing the number of ribs. 
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Figure 4. Spectral reflectance of the designed subpixel devices by considering the grating parameters shown in Table 1 for the on (a) and off (b) states, respectively. On (c) and off (d) colors generated by the reflective display pixel, respectively. (e) Representation of those colors in CIE1931 space. The triangle represents RGB standard coordinates, white points (on simulated colors), and black points (off simulated colors). 
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Table 1. Grating subpixel parameters (height d, period P, and duty cycle D) for the generation of red, green, and blue colors.






Table 1. Grating subpixel parameters (height d, period P, and duty cycle D) for the generation of red, green, and blue colors.











	
	R Subpixel
	G Subpixel
	B Subpixel





	d (nm)
	230
	125
	150



	P (nm)
	400
	340
	280



	D
	0.55
	0.8
	0.6
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