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Abstract

:

This work provides an overview on micromirror arrays based on different material systems such as dielectrics, element silicon, compound semiconductors, metals, and novel 2D materials. The goal is to work out the particular strength of each material system to enable optimum performance for various applications. In particular, this review is intended to draw attention to the fact that MEMS micro-mirrors can be successful in many other material systems besides silicon. In particular, the review is intended to draw attention to two material systems that have so far been used less for MEMS micromirror arrays, that have been less researched, and of which fewer applications have been reported to date: metallic heterostructures and 2D materials. However, the main focus is on metallic MEMS micromirror arrays on glass substrates for applications like personalized light steering in buildings via active windows, energy management, active laser safety goggles, interference microscopy, and endoscopy. Finally, the different micromirror arrays are compared with respect to fabrication challenges, switching speed, number of mirrors, mirror dimensions, array sizes, miniaturization potential for individual mirrors, reliability, lifetime, and hinge methodology.
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1. Introduction


Throughout the history, mirrors have played an important role. Starting from people observing reflections in water, the materials used for this purpose strongly varied with time. Limited by the knowledge and the technology, people used materials such as polished bronze, glass, and coated glass as mirrors. Nowadays, mirrors represent not only reflectors but also semi-reflective or even transparent plates. A mirror can be highly reflective in a certain spectral range and transparent in another spectral range simultaneously. The dimensions range from huge telescope mirrors of 520 m diameter for radio waves, to 40 m diameter for the visible and near-infrared spectral range, down to mini- or micro-sized membranes. By aligning and arranging many of these mini- and micro-sized mirrors together, micromirror arrays are achieved. Materials have always played a crucial role in innovation. New concepts and new designs have been triggered and enabled in many cases by new materials or a novel fabrication technology of material compounds.



Micro-opto-electro-mechanical systems (MOEMSs = optical MEMSs) have long been used as a transformative technology for the mechanical, electrical, and optical fields by approaching microscale or even nanoscale in the case of nano-electro-mechanical systems (NEMSs). For photonic applications, optical MEMS micromirrors have made and are making significant contributions to precise control of light such as switching, modulation, steering, filtering, and routing.



With the development of optical MEMS technology, mirrors and micromirror arrays have achieved applications in different spectral ranges such as in the visible, near infrared (NIR), and ultraviolet (UV) ranges. The applications range from photonic circuits to devices, such as digital projection, displays, imaging, telecommunications, sensing, etc. (see Figure 1). The performance and versatility of micromirrors are strongly influenced by their materials, design, and size via their optical, mechanical, thermal, and electrical properties. These properties, design, and size crucially impact the functionality and reliability of the micromirror. In the last 50 years, optical MEMSs have revealed a remarkable development and substantial increase in complexity; see the very informative review in [1].



Micromachined modulators for projection displays were reported in 1975 and led to research and fabrication of the development of digital micromirror devices (DMDs) by Texas Instruments [2]. There was an early period after 1960 where the focus of MEMS research was only on the use of single-crystal Si since the use of anisotropic chemical etching for micro-structurization was sufficient for many applications. Later, when precision requirements were raised, polycrystalline Si (poly-Si) technology was demonstrated and developed and overtook that of crystalline Si. In 1991, a MEMS micromirror-based pop-up structure was demonstrated by Wu et al. [3] using a poly-Si MEMS. This again accelerated MEMS free beam optics (light propagation in the air) remarkably [3,4,5] and provided amazing designs and very durable structures with high reliability and a long lifetime. With the growing list of applied MEMS materials and various fabrication technologies, the functionality and implementation of micromirrors have progressed significantly in subsequent years.



This paper reviews different materials that are used for MEMS-based micromirror arrays, each possessing distinct characteristics that influence the applicability and functionality of the final products. The goal is to distinguish the advantages and the limitations associated with different materials and to understand how material selection affects system performance. Micromirror arrays made of these material classes are finally compared with respect to parameters such as resolution, tuning ranges, switching speed, reflectivity, lifetime, capability of strong miniaturization, and reliability.



Special emphasis is also placed on the fact that transparent substrates open up completely new application options that were previously not possible when using non-transparent substrates (above all, Si). This increases the versatility of micromirror arrays and the related application diversity enormously.



The requirements for performance, miniaturization and functionalities have led researchers to investigate and develop not only Si-based micromirrors but also mirrors made of metals, dielectrics, 2D materials, and combinations of these, i.e., hybrid solutions. As shown in Figure 1, element semiconductors such as crystalline Si and polysilicon; group III/IV semiconductor compounds; dielectrics like TiO2, ZrO2, Si3N4, SiO2; and others are preferred for optical communications, digital projection, adaptive optics, optical lithography, sensorics, spectroscopy, medical applications, smart glass, safety, security, automotive headlighting, displays, solar cell technology, and metrology.



In Section 2, dielectric DBR (distributed Bragg reflector) mirrors and applications in spectroscopy and sensorics are discussed in detail. Section 3 presents semiconductor-based MEMS micromirror arrays, such as Si and InP. Section 4 is devoted to metal-based MEMS micromirror arrays. Metallic mirrors are often investigated for the purpose of high-contrast modulators and switches, application in smart glass in buildings, personalized light steering, energy management in buildings, high-speed optical shutters, safety and security, and so on. In this section, three examples of metallic micromirror arrays are presented. Section 5 deals with the new material class of 2D materials and their potentials. Two-dimensional materials have, up to now, mainly been proposed for high-conducting materials, transistors, batteries, gas storage, and energy harvesting. However, there is much more potential, such as for mirrors. This new field will be treated elementarily. Section 6 includes a comparison of the materials and technologies with respect to micromirror sizes, number of mirrors, array sizes, switching speed, fabrication challenges, specific obstacles, material compatibilities, scalability, and reliability. Section 7 explores an outlook of MEMS micromirror array technology.



In this study, a comprehensive review of state-of-the-art, commonly employed materials is given with respect to existing and future potential micromirror array applications. By identifying highlights, breakthroughs, and challenges, the aim is to broaden the understanding of material considerations in the design and fabrication of MEMS-based micromirrors, fostering innovation in optical technology.




2. Arrays of Dielectric DBR Mirrors


A Fabry–Pérot (FP) filter consists of two DBR mirrors and a cavity in between. In most cases, DBR mirrors consist of a periodic arrangement of quarter-wave layers. The materials can be dielectric (Section 2) or made of semiconductor layers (a special case of MEMS tunable InP/air structures is presented in Section 3). A static DBR micromirror sensor array consists of an FP filter array on a photodiode CMOS (complementary metal–oxide semiconductor) or CCD (charge-coupled device) array. For each DBR, thin films are stacked with alternatively low and high optical refractive indices. The higher the refractive index contrast between the two materials, the wider the stopband. Since our DBR micromirror sensor array uses nanoimprint in the definition of all required different cavity heights, it has been named a nanospectrometer. If an FP filter array and a detector array are combined that are matching in size, we have a nanospectrometer sensor. For more information, see refs. [6,7,8,9,10]. Figure 2a shows a selection of four FP filters out of the whole array. The filter array comprises two DBRs (gray) and the cavities (orange). Each filter cavity height defines a different wavelength within all the different characteristic narrow filter lines.



From the top to the bottom, Figure 2b illustrates the main fabrication steps. It starts with the deposition of the bottom DBR on the detector array. Next, the liquid cavity material (orange) is deposited by spin-coating. Subsequently, the 3D cavity structure is defined using a transparent 3D stamp (light blue) that is pressed into the cavity material and hardened via UV light. After lifting the stamp, the top DBR is deposited.



Applying a single 3D nanoimprint step, 192 unequal cavity heights were defined with a single nanoimprint step to generate 192 pixels using only three different DBRs, thus combining three stopbands spectrally next to each other.



A nanospectrometer (Figure 3) was fabricated with 192 FP filters, i.e., 384 DBR micromirrors of 40 µm × 40 µm dimensions each in the lateral plane and characterized (Figure 4). The smallest possible dimensions for the visible spectral range are 8 µm × 8 µm. The system can be used for hyperspectral imaging.



Attention should now be drawn to the possibility that MEMS-tunable FP filters can also be realized on the basis of these dielectric DBR mirrors. That means that micromachined spectral tuning can be obtained in addition. The device geometries and the operation principles are similar to those explained in Section 3.2 below. Here, some examples are compiled of MEMS-tunable FP filters with dielectric DBR micromirror arrays:



SiO2/Si3N4 single-membrane MEMS-tunable Fabry–Pérot filters for 1.55 µm have been published in a two-chip concept for 1.55 µm applications. A tuning range of 103 nm, a required electrostatic actuation voltage of 35 V, and a filter linewidth of 1 nm were obtained [11].



SiO2/Si/GaInAsP single-membrane MEMS-tunable Fabry–Pérot filters for 1.55 µm in a single-chip concept have been reported, revealing a tuning range of 45 nm, a required electrostatic actuation voltage of 40 V, and a filter linewidth of 10 nm [12]. This and the concepts below are single-chip concepts that have a self-aligning mechanism and do not need complex alignment effort like in the two-chip concept.



SiO2/TiO2 single-membrane MEMS-tunable Fabry–Pérot filters for 1.55 µm have been presented, revealing a tuning range of 70 nm, a required electrostatic actuation voltage of 27 V, and a filter linewidth of 0.5 nm [13].



Another dielectric single-membrane MEMS-tunable Fabry–Pérot filter for 1.55 µm has been reported, revealing a tuning range of 30 nm, a required electrostatic actuation voltage of 29 V, and a filter linewidth of only 0.25 nm due to the used external resonator cavity [14].



SiO2/Si3N4 single-membrane MEMS-tunable Fabry–Pérot filters for 1.55 µm have been published, including different cavities with convex, flat, and concave DBR micromirrors. By tailoring the layer stress in the individual SiO2 and Si3N4 sublayers, different radii of curvature can be designed, including negative and positive radii [15].



In summary, this section demonstrates that this dielectric material class enables extremely high reflectivity in the spectral stopband range of the DBR mirrors.




3. Arrays of MEMS Semiconductor Mirrors


3.1. Silicon MEMS Micromirror Arrays


Si has outstanding mechanical properties and does not involve problems due to material stress. After removing the sacrificial layers below planar structures, they stay planar. This is not the case in III/V semiconductor MEMS technology. A further huge advantage is the compatibility of Si MEMS technology with the CMOS process. Therefore, Si MEMS can be fabricated directly on Si electronic, integrated circuits. Microelectromechanical systems (MEMS) for light processing have been designed, fabricated, and investigated for various applications.



Si micromirror array-based MEMS have been reported for N × N switches, routers, and add–drop multiplexers in wavelength division multiplexing fiber-optic communication systems [16,17,18]. In the first example, N2 micromirrors are required for N input and N output channels, and the switching occurs in a 2D plane [17], as shown in Figure 5a. Since light leaving the fibers is divergent, collimating lenses, shown in blue, are required to make the light parallel. Figure 5b depicts an SEM micrograph of an 8 × 8 Si MEMS micromirror array. Figure 5c displays the design of a single mirror. Each mirror can be actuated independently of the others: A Si MEMS comb actuator is fixed to each movable translation stage. Note that 22 µm translation results in 90° rotation. An SEM micrograph of a single mirror is presented in Figure 5d, including two pushrods and the electrostatic MEMS comb actuator in front. Figure 5e describes how such specific hinges are fabricated, which look like a classical door or window hinges, with a pin, a cylindrical airgap, and a surrounding cylindrical barrel. The fabrication of such hinges has been described in refs. [3,5]. The Si MEMS fabrication process is shown in eight steps. Six lithography steps, three deposition steps of polycrystalline Si (poly-Si), and one sacrificial removal step are involved. The pin and the micromirror blade are connected behind, which is not visible in these cross-sections. This structure can be better understood in the last sub-diagram, where the sacrificial layer has been removed and the mirror and the pin have been moved by about 30° via an appropriate movement of the comb actuator. A disadvantage of this design is that not all channels can be connected to arbitrary output channels at the same time since some standing mirrors might block the path. Note that N × M switches have been developed.



Next, another N × N switch is presented that is also fabricated with Si MEMS technology, involving a beam switching in 3D, and is shown in Figure 6. Here, only 2N micromirrors are required for N input and N output channels [19], called a λ-router, as a system. Depending on how large N is (16, 36), the number of required micromirrors (N2 or 2N) makes a big difference when comparing Figure 5 and Figure 6. For a large N, the λ-router (Figure 6) is by far more attractive. Also, here, a lens array (blue) is required at the input side to convert the divergent light leaving the fibers into parallel light to propagate as beams. At the output side, another lens array (blue) is required to enable the coupling of the light beams (parallel light) into the fibers. At the input side, the optical axis of each fiber is directed to the center of a corresponding mirror of the upper micromirror array. Three optical axes corresponding to three beams are shown in red at the top of Figure 6a via three red lines. At the output side, the optical axis of each fiber is directed to the center of a corresponding mirror of the lower micromirror array. Three optical axes corresponding to three beams are shown in red at the bottom of Figure 6a via three red lines. Using adequate control of the gimbal mount of each mirror (Figure 6b), the light beams can be switched from any input mirror to any output mirror. Three examples are presented in Figure 6a. Figure 6c shows an SEM micrograph of a Si MEMS micromirror array. An advantage of this design is that not all channels can be connected to arbitrary output channels at the same time.



Digital micromirror device (DMD) technology uses silicon mirrors with two stable positions, allowing fast switching in between (Figure 7). The corresponding silicon-based electronic control is located below each micromirror (each pixel) [20,21]. This system allows digital projection and can be used for beamer and programmable projections, sensing applications, and even inside optical and interference microscopes.



In adaptive optics, deformable mirrors have been developed, providing high-order correction of optical aberrations used in astronomy, laser micromachining, maskless lithography, microscopy medical technology, and optical free-space communication [22,23]. All these mirror elements are planar and electrostatically actuatable. As a side note, some adaptive optics are also based on freeform reflectors [23,24].



For DMD systems, the light is reflected on the silicon surface of the DMD system, and no light can transmit to the opaque silicon substrate. Unfortunately, this limits the applications of this very clever system. Sometime optical set-ups also would like to avoid folded beam paths due to strongly increasing alignment efforts. In Section 4.1, a smart glass based on metallic micromirror arrays is presented that does not have this disadvantage since it is based on transparent glass substrate. However, the MEMS smart glass uses passive addressing for subfield control. Regarding that point, DMD technology is advantageous since it is based on active control.



In summary, this section demonstrates that the extremely well-developed Si technology enables outstanding applications due to the two specific strengths of Si: its phantastic versatile oxide and its excellent mechanical properties.




3.2. Compound Semiconductor MEMS Micromirror Arrays


As mentioned before, the DBR micromirrors of a filter array can also be made of III/V semiconductor quarter-wave layers. If large stopbands are desired, the refractive index contrast between the two materials used in the DBR micromirrors has to be as large as possible. The largest contrast can be obtained with air used as the second material combined with InP as the semiconductor material. This provides a refractive index contrast of 3.2 − 1 = 2.2 for 1.55 µm. Figure 8a,b depicts scanning electron micrographs (SEMs) and Figure 8c shows the tuning characteristics. The top InP multiple airgap DBR micromirror is p-doped and the bottom InP multiple airgap DBR micromirror is n-doped. Together with the intrinsic GaInAs spacer layer inside the supporting posts (same thickness as the air cavity without applied voltage), it provides a pin diode that is reverse biased with different actuation voltages. Figure 8d displays an array with four MEMS FP filters. In total, they include six InP multiple airgap DBR micromirrors.



There are also a lot of MEMS devices in III/V compound semiconductors, since direct band structure is required for light-emitting devices or extreme bandgaps are required for detector devices or photovoltaic devices to address specific wavelength ranges. See also the review of III/V optical MEMS in [26].



In summary, this section demonstrates that this dielectric material class enables extremely high reflectivity in the spectral stopband range of DBR mirrors, especially if extreme refractive index contrasts are implemented via multiple airgap technology.





4. Arrays of Metallic MEMS Mirrors for Light-Intensity Modulation and Light Steering


4.1. MEMS Smart Glass for Personalized Light Steering


Metallic MEMS micromirror arrays are capable of dynamic daylight guiding by active control of reflection. The micromirrors are freestanding and fixed at one side—identical to a hinged door but indistinguishable with naked eyes from a distance farther than 20 cm. Arrays of freestanding micromirrors are mounted between the space of the panes of insulation glazing (Figure 9a,b). This space is evacuated or filled with noble gas (Ar, Kr, or Xe).



Thanks to the above-described inter gas filling, the MEMS mirrors between the glass panes are free from dust influence, damage resulting from wind, window cleaning, and unfavorable weather conditions. This also enables our MEMS smart glazing to reveal high stability and a long lifetime.



Without an applied voltage, an individual micromirror is open at a 90° angle between the mirror plane and the substrate (Figure 10b). However, the micromirror can be held in various intermediate angles between 0° and 90° by balancing the restoring force due to residual stress in the hinge and the electrostatic force by applying a tailored voltage between the mirrors and the transparent counter electrode before reaching the critical pull-in angle. In this critical position, micromirrors are closing abruptly (falling in a position that is parallel to the substrate) due to the pull-in effect. This phenomenon is typical for electrostatic actuation and is also known as the snap-in effect.



Based on the window orientation, latitude of the building, season, daytime, and user presence, a nearly unlimited number of scenarios is possible. Four of those scenarios are displayed in Figure 11: Two of the micromirror states enable daylight guiding by explicit reflection towards the ceiling in the room, one reflection scenario to a wall, and a completely closed state where the micromirrors are parallel to the windowpane due to electrostatic force to block the solar radiation. The solar radiation is reflected outside by switching all the micromirrors vertically in summer (very high solar impact) without any user in the room to keep the room cold. An automated control unit with data from an intelligent network sensing system that observes the position of persons, sun position, inside temperature, and light ambience is therefore fed to execute the functionalities according to the requirements. During summer, when there is no user in the room, all the micromirrors are placed in a closed position (parallel to the windowpane), saving huge cooling energy by minimizing the heat transfer into the room (Figure 11a). When user presence is detected during summer, some of the micromirrors (upper areas in Figure 11b) are kept open to reflect light towards the ceiling area above the user. However, the lower micromirrors are closed to keep the unoccupied room area cool, thus allowing energy saving by limiting the heat transfer into the room since only a certain number of mirrors are open.



In addition, the illuminated spot on the ceiling can be moved with the user; thus, the inside area far away from the window can also be illuminated efficiently (Figure 11b). During winter, with no user detected in the room, all the micromirrors are open to harvest energy efficiently by using all the solar radiation to keep the room warm, similar to thermal component activation, thus saving the huge amount of energy required for heating (Figure 11c). When a user is present during winter, the solar radiation is directed towards the ceiling by keeping all the micromirrors open, but with different angles using tailored actuation voltages. This saves energy needed for heating and lighting at the same time (Figure 11d).



For an overview of all our publications, see refs. [27,28,29,30,31,32,33,34]. All our obtained results are compiled in Table 5 in ref. [28]. Most of the fabricated MEMS micromirrors for smart glass applications in buildings had dimensions of 400 µm in the direction parallel to the hinge and 150 µm vertical to the hinge. Here, a brief compilation of the most important results is given.




	
Typical electrostatic actuation voltages between 40 V and 60 V were measured. In a single case, an actuation voltage as low as 12 V was measured, and in some cases, 80 V, depending on details in the hinge and the metallic layer stack. Thus, a typical voltage is 50 V.



	
Switching micromirror arrays from the open to the closed position takes about 0.1 s for arrays with about a sixth of a million mirrors.



	
Micromirror arrays were housed in double or quadruple insulation glazing and tested at different temperatures. Between −80 °C and +120 °C, the MEMS micromirrors showed proper actuation. Beyond these extreme temperatures, measurements could not be performed due to the limitations of the used climate chamber.



	
The lowest transmission measured in a closed state was 0.01%. The largest transmission measured in an open state was 73%.



	
The lowest power consumption in the holding status was 0.2 mW/m2 and < 0.4 mW/m2 during switching.








Different rapid aging tests have been performed on our MEMS smart glass to investigate reliability and to estimate lifetime. Surviving all those different tests, a long and stable maintenance-free lifespan of 40 years for the smart glass application has been extrapolated. The following individual tests have been performed:




	
Long-term electrostatic actuation at 4 kHz was performed, which corresponds to 38 billion open–closed–open cycles.



	
Multiple fast temperature cycles (0 °C to +80 °C to 0 °C to +80 °C to 0 °C to +80 °C and further periodic repetitions) were performed over 225 h without any measurable damage.



	
Tests under extreme UV radiation during temperature cycles were performed with double insulation glazing. In these cases, the sun spectrum was emulated by UV LED arrays with many different wavelengths. No changes in the mirror performance were measured after 1600 h of extreme UV exposure, where ten times higher irradiance values were chosen in all spectral parts of the emulated solar UV spectrum than the highest exposure values observed in big global cities.



	
Mechanical vibration treatment at 3278 Hz was performed over 31,000 h, without observing mirror damage.









4.2. MEMS Microshutter Arrays for Laser Safety Goggles


In contrast to the planarized metallic MEMS micromirror arrays presented in Section 4.1, metallic MEMS structures that are curled (rolled, i.e., non-planar) in their relaxed state, in contrast, are called microshutter arrays [35,36,37,38,39] or micro blinds [40]. Transmission modulation has been reported for these MEMS microshutter arrays for applications in smart glass [35,41], space instrumentation [36], camera shutters [38], and displays [39,41]. These MEMS microshutter arrays are curled in the open state (first state) and unrolled in the closed state by electrostatic actuation to reveal the flat condition (second state). These microshutter arrays reveal just two scenarios: completely open or completely closed. Pizzi et al. [38] developed curled microshutter arrays for car display applications. A similar system was reported using curled microshutter arrays [41], which are implemented between window planes for modulating sunlight entering rooms through windows or facades. In all these microshutter arrays, each shutter moves synchronously with the neighboring ones. In contrast, as shown in Section 4.1, our MEMS micromirror arrays enable active light steering for personalized lighting. Between the open and closed states, they allow several intermediate states. Light steering is possible since the mirrors are planarized and can be actuated into different tilt angle states.



Recently, Lamontagne et al. [42] published a laboriously reviewed article on microshutters, giving a valuable overview of that class of technology. That review also included our micromirror arrays. We updated the tables of Lamontagne et al. [42] in ref. [29] but a further update is incorporated into this review to include recent values, as presented in Table 1.



As seen in Table 1, the Fiat research group developed a micro-shutter array with a flexible metal layer for automotive displays and IR spectrometry. This was a pioneering work, but the array revealed low transmission, unfortunately. Different array sizes were fabricated, with a closing time of 0.1 ms and a contrast of Tmax/Tmin of 20.



Another example is from Samsung, which investigated iris shutters for cameras using a combination of metals and dielectrics. With the rolled shutter, the 2 ms speed for closing the shutter is relatively slow.



For eyelid protections, the team of MCNC investigated a microshutter array. But the contrast was also low.



For our MEMS smart micromirror glazing, we measured a minimum transmissivity Tmin of 0.01% and, recently, a maximum transmissivity Tmax of 73%, including the glass substrate with the transparent conductive oxide (TCO) layer. This provided a modulation contrast of Tmax/Tmin = 7300 between open and closed states.



There are many investigations from various groups that have been working on microshutter arrays for decades. After working for a long time on MEMS micromirror array for smart windows in building, the team from Kassel University also entered the field of microshutter arrays, with a concept for an effective fast eye protection, especially active laser safety goggles. For our MEMS microshutter arrays presented in this section, a mini mum transmissivity Tmin of 0.01% and, recently, a maximum transmissivity Tmax of 77%, including the glass substrate with the transparent conductive oxide (TCO) layer, wasobserved. This provided a modulation contrast of Tmax/Tmin = 7700 between open and closed states.



The active laser goggles are designed to protect against terroristic laser attacks against pilots, tram and bus drivers, police, and security personnel. An important application is protecting the health of the human eye against laser strikes during traffic use. It is very important to help solve this still-increasing problem, which has existed for more than a decade and has still not been solved satisfactorily. The goal is to solve this problem with active laser goggles via achieving ultrafast closing of the MEMS shutters after photodiodes have identified laser radiation.



Passive laser safety goggles deliver much less than active ones. On the market are conventional passive laser safety goggles, which are based on optical filter technology. Each type of goggle can only absorb one or a few designed wavelength ranges. The transmitted spectra are passively selected by the filter itself, which leads to a coloring effect when it is designed for visible laser wavelengths since some wavelength ranges are subtracted from the white spectrum. Another weak point of passive laser goggles, all with coatings, is that a single scratch going through the coating stack destroys the protection.



Which application is considered is important, e.g., for any traffic use (pilots in the cockpit, bus and tram drivers), passive laser protection is not allowed to be applied. The reasons are that passive laser goggles have (i) unacceptable low transmission during night use, when attacks mostly happen, and (ii) the pilot cannot see the correct color of displays or indication LEDs or does not see important details at all. Each single frequency range to be blocked by the passive laser goggles makes the multilayer coating more complex and less transmissive. Layer attacks against pilots have been reported for green (532 nm), red (640 and 650 nm), blue (405 nm), and others. Starting from green and adding all these colors to be suppressed, the overall transmission significantly decreases (down to 35%) and changes the color recognition very negatively. Therefore, passive laser goggles are not allowed to be used for any traffic and even less for night use. This has motivated us to develop MEMS microshutter arrays for laser safety goggles with adequate sensing and control technology that is able to block laser light of any wavelength exceeding defined eye safety levels. The active laser technology enables not only the two problems mentioned above to be solved but also to keep safety, security, and health high without penalizing them. In summary, MEMS microshutter array goggles are color neutral, have much higher transmission, and reveal much higher optical density (OD) in the closed status compared to most passive laser goggles.



Our metallic MEMS microshutter arrays in laser safety goggles are normally in a totally open state and should close on request with a high switching speed. The arrangement of these shutters in an array connected via a grid enables the shutters to move synchronously with the neighboring ones. The microshutter arrays in laser safety goggles enable the light to transmit to the glasses and reach the human eyes in normal open conditions. In case of a laser attack, they close fast and block incoming light of all wavelengths totally in the closing state, since laser light can cause serious damage to eyes. The shutters reopen after the laser radiation passes and enables free sight of the eyes.



In the default state, microshutters are open and vertically stand on the substrate, as shown in Figure 12, which displays three viewpoints. Figure 12 depicts three SEM micrographs in different perspective side views of microshutter arrays in an open state after sacrificial layer removal and a drying process. In Figure 12a, the anchor region is on the right side of the lower part of the microshutter; thus, the top part comes from the left during the standing-up process. In comparison to Section 4.1, the planarized MEMS shutter blades are much longer in the direction parallel to the hinge to increase the value of maximum light transmission. This is due to a lower number of inter-spaces between neighboring shutters. Figure 12b shows a modified perspective to make the anchor regions visible. For better understanding, the red arrow is pointing in the long direction of the anchor of a shutter. All the inter-spaces between the shutters represent opaque regions and represent the contacting grid. Figure 12c provides another perspective top view of microshutter arrays. Here, the anchor region is on the left side of the lower part of the microshutter; thus, the top part comes from the right during the standing-up process.



Figure 13 depicts the applied electrostatic actuation voltage (blue) and the light intensity transmitted through the microshutter array (orange) as a function of time. The measurement presents the highest closing speed of our microshutter arrays measured up to now. In this case, the dimensions of a single microshutter are 2000 µm × 40 µm (Lx and Ly) and the step voltage profile switches from 0 V to 80 V. Our simulations have shown that by reducing the microshutter dimensions (Ly) perpendicular to the hinge, the switching time decreases [51]. However, the height of the actuation voltage also impacts the closing time of the microshutter arrays. Very low actuation voltages and fast closing cannot be obtained at the same time [51]. A compromise must be found. The shutters could be either optimized towards ultra-fast closing accepting high voltages only or optimized towards low actuation voltages tolerating slower closing.



Different dimensions have been explored for our microshutter arrays for laser safety goggles to investigate the compromise between switching time and actuation voltage—identification of the best solution is still under investigation.



Microshutter arrays consist of thousands of microshutters in a specialized format. With high contrast and high closing speed, microshutter arrays provides a promising solution for safety usage. Depending on the detecting photodiode, microshutter arrays can be used for all wavelengths or the required spectrum as laser safety goggles. The most significant benefit of microshutter arrays for laser safety goggles is that the metallic blades reflect lasers of all wavelengths and are color neutral.




4.3. MEMS Ring Shutters for Interference Microscopy (and Endoscopy)


Utilizing the platform technology of our MEMS micromirror arrays, we developed ring-shaped shutter arrays with subfield addressing to expand potential applications towards, e.g., interference microscopy or miniaturized imaging (endoscopy) [52]. A schematic of the prototype is shown in Figure 14. In contrast to competing approaches (MEMS [47,53], optofluidic [54,55], electrochromic [56], liquid crystal elastomer [57,58]), this iris-like tunable aperture allows the actuation of different rings and even quadrants of rings, e.g., if in Figure 14 we bias contact C and contact 2 at the same time, the subfield C−2 is addressed.. Despite the concentric arrangement of shutter elements resulting in variations in shape and size, the ring-shaped array shows convincing homogeneity in the opening angle, as depicted in Figure 15a, for size parameters of angular width Lφ = 150–600 µm and radial length Lr = 60–300 µm. To match future application requirements, the design is adapted according to expected device properties [51]. Figure 15b shows an example of a promising design with an adjusted aspect ratio Lr/Lφ = 1, also leading to well-planarized shutters. Further details about design, fabrication, and characterization are the subject of a forthcoming publication.



In summary, this section demonstrates that transparent substrates enable many new applications that were previously not possible when using non-transparent substrates, increasing the versatility of micromirror arrays and the related application diversity enormously. Note that MEMS smart glass based on metallic micromirror arrays has the potential to save huge amounts of energy.





5. The Potential of 2D Materials for Photonic Applications


This section will review the new and thrilling class of 2D materials. Many different types have been found and investigated after the field was opened with the study of graphene. MXenes are 2D inorganic compound, consisting of atomically thin layers of transition metal nitrides, carbonitrides, or carbides. Fabrication of and investigations on MXenes were first published in 2012. Interestingly, among many applications (see Figure 16), reflective properties to be used in micromirrors can also be found.



The excellent electro-optical tunability [59], high reflectivity [60], better broadband performance [61], lightweight and flexible nature [62], and compatibility for integration with other materials make 2D materials a favorable choice for several photonic devices [63]. This includes photodetectors [64], photovoltaic devices [65,66], light-emitting diodes [67], and sensors [68]. Like other photonic devices, integrating 2D materials into NEMS and MEMS mirrors holds vast possibilities for diverse applications, particularly within optoelectronics and sensing [59]. Van der Waals (vdW) heterostructures—laterally stitched layers of 2D materials [69,70]—especially exhibit remarkable optical characteristics yet to be fully exploited.



Papadakis et al. demonstrated an ultralight Angstrom-scale perfect optical mirror using a graphene-based layered structure [71]. Employing ab initio techniques and optical transfer matrix computations, the authors reported that the graphene-based heterostructures exhibit prolonged electron relaxation duration, leading to enhanced optical characteristics compared to noble metals like gold and silver, specifically in the mid-infrared spectrum. These materials exhibit reflectivity exceeding 99.7% at a fraction of noble metals’ weight. Graphene–boron nitride (G-hBN) vdW heterostructures have also been investigated, and it was observed that there is a significant improvement in the plasmonic mode confinement and quality factors compared to the conventional metals Ag/Au. The photonic properties of the reported vdW heterostructures can also be actively tuned via chemical and electrostatic doping. The nearly perfect reflectors can be potentially used in designing compact waveguides, in engineering emission for back reflectors in solar cells, and for macroscopic applications such as aircraft.



Furthermore, owing to the unique and flexible optical properties of monolayer transition metal dichalcogenides (TMDCs) [72,73], these materials are receiving widespread attention for various photonic devices, including micro-/nanomirrors. Zeytinoglu et al. [74] have demonstrated that a monolayer TMDC can be an ideal mirror with an atomic-scale thickness.



The authors directed a laser field (both collimated and coherent) towards a monolayer of transition-metal dichalcogenides (TMDCs), as shown in Figure 16. They observed a two-mode squeezed state (TMSS) due to the exciton–exciton interactions in addition to the transmitted and reflected coherent fields. The destructive interference between the field directly transmitted, and the field produced by the TMDC excitons suppressed transmission and amplified reflection. In the case of the perfect coupling between the incidence lines and excitons generated through TMDCs, the system will behave like a perfect mirror.



Van de Groep et al. [75] have presented the role of excitonic resonances in atomically thin optical lenses. The article also illustrates electrical gating techniques to turn exciton resonance on and off by enhancing focusing efficiency using the excitons in optical lenses. A tungsten diselenide (WSe2) monolayer has been used to synthesize the tunable optical element using chemical vapor deposition (CVD) techniques on a sapphire substrate. A monolayer graphene is transferred to the top of WSe2 to improve the DC surface conductivity, achieve uniform gating on the WSe2, and enhance long-term stability.



Ma et al. [76] studied the Reststrahlen effect in hexagonal boron nitride across different thicknesses experimentally and theoretically. The Reststrahlen effect is vital in designing atomically thin NEMS mirrors that predominantly use 2D materials.
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Figure 16. Design setup for a TMD monolayer-based optical mirror with excellent reflectivity. Reproduced with permission [74]. 






Figure 16. Design setup for a TMD monolayer-based optical mirror with excellent reflectivity. Reproduced with permission [74].
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A heuristic time-domain model and a Fourier-transform infrared spectrometer have been used to depict coherent radiative decay and estimate absolute reflectance. The article reported that the high reflectivity plateau evolves into a single peak in the optically thin limit. Two distinct regimes emerge at this thickness: a strong-response regime dominated by coherent radiative decay and a weak-response regime dominated by damping. The researchers also developed a simple 2D model that can be applied to a wide range of thin media.



The optoelectronic behavior of 2D materials can be modulated extensively using different engineering approaches, such as making vdW heterostructures, creating defects with the induction of strain and electric fields, surface passivation, etc. An exciting study has been presented by Patrick Back et al. [77], where the researchers designed electrically controlled, atomically thin, resonant mirrors based on TMDC monolayers. In this work, the researchers employed an hBN passivated monolayer of molybdenum diselenide (MoSe2) placed on a 285 nm thick SiO2/Si substrate. Platinum (Pt) electrodes contacted the MoSe2 monolayer, while Si was a back gate. When monochromatic laser light was tuned with the exciton transitions in MoSe2, a significant reflection was observed at the cryogenic temperature. After normalizing the reflected intensity using the measured reflectance of the bare substrate and the metal electrodes, the mirror reflected up to 85% of the incident light.



In a similar study, Daniel et al. [78] have reported that the TMDC materials can be atomically thin mirrors for light confinement. The article illustrated an experimentally verified new technique for achieving nanometer-thick planar optical cavities with inherent chiral properties using two atomically thin TMDC mirrors as the primary photonic components. The device has been designed so that two MoSe2 monolayer mirrors are sandwiched within the layers of h-BN encapsulation, with a total h-BN thickness of 240 nm. The monolayers are symmetrically positioned at a distance of 60 nm from the top and bottom of the vdW heterostructures, respectively. The schematic representation for the design set-up is shown in Figure 17. The TMM (transfer matrix method) simulations carefully predicted the design parameters. It was observed that the electromagnetic mode was generated in the system from the effective optical excitation and recombination of excitons in the two TMD mirrors, in contrast to the traditional Fabry–Pérot interferometric cavities. Due to the excitonic nature of the cavity’s mirrors, spin-polarized cavity modes, which are bifurcated due to the valley Zeeman effect under an external magnetic field with adjustable energies, were observed. The standing optical mode was also observed at a wavelength of λ = 746 nm, and the FDTD simulation further confirmed that the quality factor for this mode is about Q ≈ 1060 at the resonance wavelength. Additionally, the authors reported an excitonic saturation of the optical mode based on pump power, displaying its resilient adjustability through temperatures up to 100 K.



Rui and his co-workers [79] have suggested a new approach for light–matter interaction at the atomic scale. The article demonstrated the development of a subradiant optical mirror using the single-structured atomic layer. The authors observed the subradiant response from the mirror, which was generated due to the interference of the scattered field. The response can be tuned by tuning the interatomic distance and the external field. Using spatially resolved spectroscopic measurements, the researchers claimed that the array can act as a high-quality mirror formed by a single monolayer of a few hundred atoms.



We aim at functionalizing our MEMS metallic micromirror smart glass (Section 4.1) with the fascinating properties of these new 2D materials. This will be the subject of forthcoming publications.



In summary, this section shows how the use of 2D materials can also contribute a great deal to micromirrors in the future and again enhances the versatility.




6. Comparison of the Different Designs and Technologies


6.1. Dimensions, Complexity, Speed, Miniaturization, and Reliability


The micromirror technologies selected for this review paper are very different in materials, design, performance, and application. The selected materials, design complexity, and technical parameters are strongly related to the requirements of the application and the price that can be tolerated in that field. Table 2 provides a comparison of switching speed, number of mirrors, mirror dimensions, array sizes, miniaturization potential for individual mirrors, reliability, and lifetime.



According to Table 2, the complexity of micromirror arrays is high, and the number of mirrors per array is from 36 to 64 mirrors for the λ-router, nearly 400 for DBR micromirror arrays for spectroscopy, over 8,000,000 for DMD applications, and up to 12,000,000 for metal micromirror arrays for smart glass applications.



DBR mirrors show by far the highest reflectivity. According to the supplementary material of this review, dielectric SiO2/Si3N4 DBRs reveal a reflectivity of a maximum of 99.9%. The highest reflectivity of 99.995% can be achieved by InP multiple airgap micromirrors with 4.5 InP/air periods. The reflectivity of metal micromirrors is about 90%. In comparison, pure silicon micromirrors have limited reflectivity. However, it has been improved by coatings with metals [88] or dielectrics.



Another noticeable point is the switching speed of the MEMS mirrors. The switching time of metal micromirrors for smart glass is about 0.1 s, which is sufficient for personalized lighting since it is related to maximum human walking speed. For laser safety goggles, a value of <10 µs is mandatory. For metallic microshutter arrays for laser safety goggles, shutter closing times of down to 1 µs have been recorded up to now experimentally.



As seen from Table 2, miniaturization of the micromirrors is not mission impossible. Multiple factors contribute to this, for example, materials, fabrication technologies, application requirements, etc.




6.2. Hinges of Micromirrors: Geometry, Methodology, and Fabrication Challenges


In case MEMSs are involved, these technologies are also very different with respect to the hinge geometry and hinge methodology. The following numbering is related to the numbering in Table 2 (first column).




	
In the DBR micromirror arrays in the example chosen above, the FP-based nanospectrometer includes no hinges since they are static.



If very high reflectivity >99.5% is required, the number of periods must be larger than 14.5, and the optical absorption inside the two dielectric layers must be <20 cm−1, which is a challenge. If the SiO2/Si3N4 DBRs and a reflectivity of 99.9% are required, a low absorption of even 10 cm−1 has to be achieved, which is an extreme challenge for deposition machines. The minimum required number of periods is 15.5 for that. In such a case, it would be better to use a dielectric material system with much higher refractive index contrast such as SiO2/ZrO2 or SiO2/TiO2. For more details, see the Supplementary Materials (Figure S1).



The potential minimum space requirement for a spectrometer with static dielectric DBR micromirrors might be 0.07 mm2. This is estimated for a wavelength range λ = 400–800 nm and a single micromirror pixel size of 10 × 10 μm2 and TiO2/SiO2 dielectric stacks.



The fabrication challenges lay in the requirements for the multilayer deposition to keep the grating period as well as the composition highly constant throughout the whole DBR stack. This requires precision engineering. Using the nanoimprint over several DBR mirror stacks (to combine spectrally different stopbands) [6], this technology is scalable.



	
The hinges of the N2 micromirrors used in the fiber-optic N×N switches are the only ones that are built like a classical door or window hinge, with a pin, a cylindrical airgap, and a surrounding cylindrical barrel. The fabrication requires three sub-steps, amorphous silicon is used for all remaining parts, and SiO2 is used as the sacrificial layer material. The technological process is displayed in Figure 5e. The fabrication process is similar to that described in refs. [3,4,5,89]. One of the challenges is to reduce friction inside the hinge and to overcome the problems of diverging light beams. In addition, it should be noted that this technology does not allowall arbitrary combinations of simultaneous switching processes from input to output.



	
The gimbal mount of the 2N micromirrors of the λ-router uses four cantilevers as torsion blades for each mirror. The challenge is to implement the required angle accuracies. Precision engineering is required here.



	
Each micromirror of a DMD array uses two cantilevers as torsion blades and two landing tips to stylize a distinct orientation and position. In the projection or dump mode, each mirror plane is defined precisely by three points.



One of the multiple challenges that the engineers had to solve was filling the square central hole existing at the beginning.



	
The InP multiple airgap micromirrors use four, three, or two cantilevers for each membrane. One end of each cantilever is connected to a solid supporting post, and the other end is deflected vertically to the substrate plane. Four suspensions show the largest stability, three suspensions show the best compromise between stability and wider tunability, and two suspensions reveal the widest tunability but are unstable and can undergo unwanted tilt.








The fabrication challenges in this technology are layer stresses, buckling, and membrane deformations out of the flat planes. To obtain very high reflectivity and wide stopbands is not a large challenge in the InP multiple airgap DBR mirror. Using only 3.5 periods of InP–air already provides 99.99%. A reflectivity of 99.995% is obtained with 4.5 periods. The saturation at 99.996% is due to residual absorption. Note that these are the lowest possible absorption values obtained in state-of-the-art high-quality undoped InP. For these values, abrupt air/InP and planar membranes are considered. These very high reflectivity values are excellent and require very few periods, which is a big advantage. For more details, see the Supplementary Materials (Figure S1).



The potential minimum space requirement for a spectrometer with MEMS-tunable InP multiple airgap DBR micromirrors might be 0.05 mm2. This is estimated for a wavelength range of λ = 1100–1900 nm, a single membrane diameter of 10 µm, and a potential λInP/4 or λInP/4 configuration in the InP/air DBR stacks, revealing a spectral stopband width of >1300 nm, enough to cover the above-mentioned 800 nm wavelength span.



Here, the challenges are to control unwanted membrane bending due to internal material stress. This is unexpected, since InP on InP should be lattice matched. But it originates from, e.g., arsenic carry-over in metal–organic–chemical–vapor phase–epitaxy from the GaInAs sacrificial layers. That means that due to the growth direction, GaInAs/InP and InP/GaInAs interfaces are not equivalent, resulting in asymmetries in the composition of the membranes. Specific obstacles in marked penetration might be that the device yield is limited by residual stress influence.




	6.

	
The metallic MEMS micromirror in arrays for smart glass applications in building facades or windows uses blades as hinges that are rolled up and unrolled. The mirror part is planarized and can be tilted in the desired angles via electrostatic actuation. Here, the challenges are to control material stress in the metallic sublayer stress to enable precise hinge bending angles and to allow planarization. In addition, upscaling is challenging.




	7.

	
The metallic MEMS microshutter in arrays for safety goggles uses blades as hinges that are rolled up and unrolled. The shutter part is planarized and actuated electrostatically. Here, to obtain different hinge orientations and high area filling at the same time with no interference and planarity is very challenging.




	8.

	
The metallic MEMS micromirrors for ring shutters in interference microscopes and endoscopes use blades as hinges that are rolled up and unrolled. The mirror part for the ring shutter is planarized and can be tilted in the desired angles via electrostatic actuation.









In summary, the challenges of Nos. 5–8 are in the planarization of the mirror/shutter plane and the definition of distinct elevation angles of the mirror/shutter plane implemented by the rolling status of the hinges in unactuated mode. This requires precision engineering. No material incompatibilities have been observed. No extraordinary specific obstacles can be seen.





7. Outlook


In the past, very successfully, Si-based MEMS micromirror arrays have offered new ways of switching optical signals in optical communication with high complexity. Above all, Si-based DMD MEMS arrays for digital projection have shown a major impact in penetrating beamer technology (digital light processors). But DMD technology also caused a revolution in bio-imaging systems and led to outstanding economic developments. DMD arrays proceed from digital beamer projection and spatial light modulators into the huge medical field via biomedical instruments. Note that DMD technology for biomedical applications [90] is also highly interesting for optical diffraction tomography, interference microscopy, structured illumination microscopy, quantitative phase microscopy, tomographic phase microscopy, ophthalmoscopy, and others. Also for optical spectroscopy, digital holography, Raman spectroscopy, bio-printing, lithography, surface plasmon (polariton) resonance techniques, and others, DMD methodology is very attractive.



A massive economic penetration was already happening. Since metallic MEMS micromirror arrays on glass substrates can be scaled up potentially to much larger sizes as Si-based MEMSs, a huge impact on economy and society is likely. Note that Si MEMSs are limited to Si wafer sizes. Since the main focus of our review is on metallic MEMS micromirror arrays, more real-world use case studies are added to provide a better understanding of potential impact and benefits in society and economy. Metallic MEMS micromirror arrays in double-pane modules can be used for renewable energy technologies in light-concentrating systems such as heliostat mirror parks, dish collectors, trough collectors, linear concentrator solar power plants, and others. These metallic MEMS arrays can also be used in smart headlights of cars and other mobile systems. Staying with cars, they are also highly attractive for novel laser radar systems. This review presented applications in laser safety goggles against terroristic attacks, as well as in ring shutter arrays for interference microscopy and endoscopy.



The biggest significance, however, we see in smart glass applications in buildings. Buildings are responsible for 40% of the primary energy consumption and 36% of the total CO2 emissions. There is a huge potential to decrease energetic consumption for lighting and heating/cooling by substituting the 85% of inefficient glazing areas in Europe and North American buildings with energy-efficient smart-glazing windows. In Asia, South America, and Africa, similar numbers or even larger percentages could apply. At the moment, the Chinese government forces public buildings and industry to achieve much better insulation in building windows and facades. The metallic MEMS micromirror technology for smart building facades, which we describe in this review, reflects instead of absorbs the incoming sunlight according to user actions, sun positions, and daytime-/season-variable requirements, providing a personalized light steering inside the free solar heat in winter and overheating prevention in summer permanently with healthy natural daylight, leading to huge energy savings (up to 35%) and massive CO2 reduction (up to 30%), as well as savings of 10% steel and concrete in high-rise buildings. Two unique safety features enable vision in case of electricity failure and trendsetting digitalization for smart homes. The technology can be used in new and old buildings and could play a key role in smart green cities with huge economic, social, and environmental benefits.



The use cases for metallic MEMS micromirror smart glass are not only limited to personalized light steering and energy management in buildings but are also for security and safety. The MEMS smart glass can be used as black/white displays to make the life of elderly people safer. Our metallic MEMS smart glass integrates a twofold safety feature: (1) In case of power failure, the window will be transparent and not blacked out/obscured as with other smart glass technologies. This will allow, in case of accidents (e.g., fires), intervisibility and communication with people in need inside the building and emergency forces outside the building. (2) Thanks to the operation with movement sensors, our product can raise the alarm in case of the collapse of a person in the room. In case a person accidently drops and stays in the same position for more than 5 min, our system identifies (knowing that that position is not the bed) an emergency case, alerts rescue services and close relatives, and displays in all the windows “I need help”—readable from outside. This can be especially helpful in environments such as hospitals, nursing homes, and elderly people’s apartments, considering that 73% of elderly people’s accidents/falls happen inside their apartments or inside residences.



Materials always have driven innovation and novel applications. The authors posit a careful statement: Due to limitations arising from Si wafer sizes, Si MEMSs might not really reach very-large-scale sizes. This is not the case if we withdraw from Si substrates and proceed towards MEMSs on glass panes. In ref. [34], Ge is demonstrated as a nm-scale coating for switchable color effects on huge glass facades, and 2D materials come into consideration in Section 5 of this paper. The company Nanoscale Glasstec GmbH in Germany [28,91] is working towards new applications using metallic MEMS smart glass and is upscaling glass substrates now to a few m2. Very interesting advancements in materials and fabrication techniques such as nanoimprints and 3D imprints are going on now worldwide, and this will definitively drive innovation in this field.




8. Conclusions


The diversity of materials enabled the versatility of micromirror arrays with respect to their various optical applications. DMD mirrors exhibit exceptionally high reflectivity. InP multiple-airgap DBRs combined with specifically designed MEMS suspension hinges allow very large spectral tuning of Fabry–Pérot filters, high miniaturization potential, small required space, high resolution in spectrometers, and high flexibility. These characteristics of micromirror arrays aim for applications in optical communication and strongly miniaturized high-resolution spectrometers and sensors. Si has outstanding mechanical properties and Si MEMSs are compatible with CMOS technology, allowing integrated electronic circuits including complex optical MEMS arrays. The controlled flexibility makes them particularly appealing for applications such as digital projection, adaptive optics, and optical switching, where ultra-precise mechanical moments are imperative. Compound semiconductors offer the advantage of integrating LEDs, lasers, and photodiodes for the NIR range but with reduced complexity. This review also focuses on fabrication challenges and miniaturization potentials and requirements.



The dimensions and the array size of metallic MEMS micromirrors or microshutters exhibit strong variations based on their intended applications. Therefore, they have widespread applications in daily optics, such as smart window glass, personalized daylight steering, heat management in buildings, active laser safety goggles, ring shutters for endoscopy, and others.



Owing to the extraordinary optoelectronic properties of 2D materials, extensive attention of researchers has been drawn to designing atomically thin optical mirrors. Recently, many interesting excitonic phenomena such as the Reststrahlen effect and the optical Kerr effect (OKE) have been observed in atomically thin 2D layers, and exceptional tunability and flexible characteristics demonstrated by various 2D materials such as MXenes, TMDCs, and van der Waals heterostructures accelerates the research interests in photonic devices, including micro-/nanomirrors. Atomically thin optical mirrors can potentially be used for designing the back reflectors in solar cells, compact waveguides, macroscopic applications such as aircraft, and various sensing applications. Including these attractive properties in MEMS micromirror technology would be a worthwhile goal.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/photonics11030253/s1, Figure S1: Theoretical model calculations of the maximum spectral reflectance Rmax of DBR micromirrors at λ = 1.55 µm as a function of the number of periods for different optical absorption. Inset: simulated optical DBR reflectance spectrum defining Rmax.





Author Contributions


Conceptualization, H.H., J.A., G.C. and T.K.; methodology; H.H., J.A., T.K., G.C., M.K.H. and A.S.; validation, S.L., M.S., P.K., R.D., A.S., M.S.Q.I., M.K.H., J.C., B.E., S.B., D.L. and H.H.; formal analysis, P.K., R.D., M.S., B.E., S.L., A.S., M.S.Q.I., M.K.H. and H.H.; investigation, T.K., P.K., R.D., M.S., S.L., B.E., A.S., M.S.Q.I., M.K.H. and H.H.; writing—original draft preparation, all authors; writing—review and editing, H.H., M.S.Q.I., T.K., A.S., J.A., P.K. and S.L.; visualization, M.S., M.K.H., J.A., M.S.Q.I., H.H., T.K., P.K., R.D. and A.S.; funding acquisition, H.H., G.C. and J.A. All authors have read and agreed to the published version of the manuscript.




Funding


Financial funding was provided by the German Federal Ministry of Education and the research funding program Photonics Research Germany (contract Nos. 13N14517, 13N15740 and 13N15741), DBU (grant agreements AZ23717, AZ20012/189 and AZ3550133), DFG (grant agreements Hi 763/21-1 and Hi 763/19-1), and Innosuisse (contract no. 44620.1 IP-ENG).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank G. Xu, B. Al-Qargholi, A. Tazel, X. Yang, Y. Shen, S. Irmer, S. Akhundzada, A. Istock, P. Buchschacher, R. Anklin, J. Frauchiger, G. Simon, S. Nazemroaya, S. Liebermann, M. Qasim, N. Ahmed, M.M. Khan, A. Friedrichsen, J. Krumpholz, Q. Li, H. Luo, C. Woidt, V. Viereck, H. Wilke, N. Körte, A. Taraf, J. Daleiden, F. Römer, C. Prott, D.T. Nguyen, E. Käkel, B. Kaban, J. Schmid, F. v. Waitz, and T. Thomas for the fruitful discussions and technological support.




Conflicts of Interest


Author Giuseppe Caruso is the CEO of the company Caruso Freeland GmbH, Switzerland. The authors from INA, Germany, declare that this study received funding from Innosuisse, Switzerland. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Solgaard, O.; Godil, A.A.; Howe, R.T.; Lee, L.P.; Peter, Y.-A.; Zappe, H. Optical MEMS: From Micromirrors to Complex Systems. J. Microelectromech. Syst. 2014, 23, 517–538. [Google Scholar] [CrossRef]

	



Ren, Y.-X.; Lu, R.-D.; Gong, L. Tailoring light with a digital micromirror device. Ann. Phys. 2015, 527, 447–470. [Google Scholar] [CrossRef]

	



Wu, M.C.; Lin, L.-Y.; Lee, S.-S.; Pister, K. Micromachined free-space integrated micro-optics. Sens. Actuators A Phys. 1995, 50, 127–134. [Google Scholar] [CrossRef]

	



Wu, M.C. Micromachining for optical and optoelectronic systems. Proc. IEEE 1997, 85, 1833–1856. [Google Scholar] [CrossRef]

	



Wu, M.C.; Lin, L.-Y.; Lee, S.-S. Micromachined free space integrated optics. Proc. SPIE 1994, 40–51. [Google Scholar] [CrossRef]

	



Hillmer, H.; Woidt, C.; Istock, A.; Kobylinskiy, A.; Nguyen, D.T.; Ahmed, N.; Brunner, R.; Kusserow, T. Role of Nanoimprint Lithography for Strongly Miniaturized Optical Spectrometers. Nanomaterials 2021, 11, 164. [Google Scholar] [CrossRef]

	



Correia, J.H.; Bartek, M.; Wolffenbuttel, R.F. High-selectivity single-chip spectrometer in silicon for operation in visible part of the spectrum. IEEE Trans. Electron Devices 2000, 47, 553–559. [Google Scholar] [CrossRef]

	



Correia, J.H.; de Graaf, G.; Kong, S.H.; Bartek, M.; Wolffenbuttel, R.F. Single-chip CMOS optical microspectrometer. Sens. Actuators A Phys. 2000, 82, 191–197. [Google Scholar] [CrossRef]

	



Wolffenbuttel, R.F. MEMS-based optical mini- and microspectrometers for the visible and infrared spectral range. J. Micromech. Microeng. 2005, 15, S145. [Google Scholar] [CrossRef]

	



Wang, S.-W.; Li, M.; Xia, C.-S.; Wang, H.-Q.; Chen, X.-S.; Lu, W. 128 channels of integrated filter array rapidly fabricated by using the combinatorial deposition technique. Appl. Phys. B 2007, 88, 281–284. [Google Scholar] [CrossRef]

	



Peerlings, J.; Dehe, A.; Vogt, A.; Tilsch, M.; Hebeler, C.; Langenhan, F.; Meissner, P.; Hartnagel, H.L. Long resonator micromachined tunable GaAs-AlAs Fabry-Perot filter. IEEE Photonics Technol. Lett. 1997, 9, 1235–1237. [Google Scholar] [CrossRef]

	



Chitica, N.; Daleiden, J.; Strassner, M.; Streubel, K. Monolithic InP-biased tunable filter with 10-nm bandwidth for optical data interconnects in the 1550-nm band. IEEE Photonics Technol. Lett. 1999, 11, 584–586. [Google Scholar] [CrossRef]

	



Tayebati, P.; Wang, P.D.; Vakhshoori, D.; Sacks, R.N. Widely tunable Fabry-Perot filter using Ga(Al)As-AlOx deformable mirrors. IEEE Photonics Technol. Lett. 1998, 10, 394–396. [Google Scholar] [CrossRef]

	



Kanbara, N.; Suzuki, K.; Watanabe, T.; Iwaoka, H. Precisely tunable Fabry-Perot filter for optical communications. In Proceedings of the IEEE/LEOS International Conference on Optical MEMs, Lugano, Switzerland, 20–23 August 2002; pp. 173–174. [Google Scholar]

	



Tarraf, A.; Daleiden, J.; Irmer, S.; Prasai, D.; Hillmer, H. Stress investigation of PECVD dielectric layers for advanced optical MEMS. J. Micromech. Microeng. 2003, 14, 317. [Google Scholar] [CrossRef]

	



Pu, C.; Lin, L.Y.; Goldstein, E.L.; Tkach, R.W. Client-configurable eight-channel optical add/drop multiplexer using micromachining technology. IEEE Photonics Technol. Lett. 2000, 12, 1665–1667. [Google Scholar] [CrossRef]

	



Lin, L.Y.; Goldstein, E.L. Opportunities and challenges for MEMS in lightwave communications. IEEE J. Sel. Top. Quantum Electron. 2002, 8, 163–172. [Google Scholar] [CrossRef]

	



Aksyuk, V.A.; Pardo, F.; Carr, D.; Greywall, D.; Chan, H.B.; Simon, M.E.; Gasparyan, A.; Shea, H.; Lifton, V.; Bolle, C.; et al. Beam-steering micromirrors for large optical cross-connects. J. Light. Technol. 2003, 21, 634–642. [Google Scholar] [CrossRef]

	



Bishop, D.J.; Giles, C.R.; Austin, G.P. The Lucent LambdaRouter: MEMS technology of the future here today. IEEE Commun. Mag. 2002, 40, 75–79. [Google Scholar] [CrossRef]

	



Duncan, W.M.; Bartlett, T.; Lee, B.; Powell, D.; Rancuret, P.; Sawyers, B. Dynamic optical filtering in DWDM systems using the DMD. Solid-State Electron. 2002, 46, 1583–1585. [Google Scholar] [CrossRef]

	



Ballard, B.; Bhakta, V.; Douglass, M.; Gelabert, P.; Kempf, J.; McDonald, W.; Pettitt, G.; Rancuret, P.; Rankin, A.; Thompson, J.; et al. 5-1: Invited Paper: ‘Steering’ Light with Texas Instruments Digital Micromirror Device (DMD)-Past, Present & Future. SID Symp. Dig. Tech. Pap. 2016, 47, 28–31. [Google Scholar] [CrossRef]

	



Bifano, T. MEMS deformable mirrors. Nat. Photonics 2011, 5, 21–23. [Google Scholar] [CrossRef]

	



Manzanera, S.; Helmbrecht, M.A.; Kempf, C.J.; Roorda, A. MEMS segmented-based adaptive optics scanning laser ophthalmoscope. Biomed. Opt. Express 2011, 2, 1204–1217. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, G.; Levine, J.; Praly, L.; Peter, Y.-A. Flatness-Based Control of Electrostatically Actuated MEMS with Application to Adaptive Optics: A Simulation Study. J. Microelectromech. Syst. 2006, 15, 1165–1174. [Google Scholar] [CrossRef]

	



Hillmer, H.; Woidt, C.; Kobylinskiy, A.; Kraus, M.; Istock, A.; Iskhandar, M.S.Q.; Brunner, R.; Kusserow, T. Miniaturized Interferometric Sensors with Spectral Tunability for Optical Fiber Technology—A Comparison of Size Requirements, Performance, and New Concepts. Photonics 2021, 8, 332. [Google Scholar] [CrossRef]

	



Kusserow, T.; Dharmarasu, N.; Hillmer, H. Materials: Compound semiconductors. In Comprehensive Microsystems, Fundamentals, Technology and Applications; Elsevier: Amsterdam, The Netherlands, 2024; in print. [Google Scholar]

	



Hasan, M.K.; Baby, S.; Muringakodan, S.; Nandakumar, A.; Iskhandar, M.S.Q.; Hillmer, V.; Li, Q.; Xu, G.; Hillmer, H. Energy Saving and Amortization Time Simulation for a Model Room with MEMS Smart Glazing; Jahrbuch Oberflächentechnik; Eugen G. Leuze Verlag: Bad Saulgau, Germany, 2022; ISBN 978-3-87480-369-4. [Google Scholar]

	



Löber, D.; Kamrul Hasan, M.; Liebermann, S.; Siddi Que Iskhandar, M.; Baby, S.; Chen, J.; Farrag, E.; Ahmed, N.; Liu, S.; Elsaka, B.; et al. MEMS Smart Glass for Personalized Lighting and Energy Management in Buildings: Working Principles, Characterization, Active Light Steering, Thermal Management, Energy Saving Considering Different Locations on Earth, Comparison of Different Smart Glass Technologies. J. Build. Des. Environ. 2023, 2. [Google Scholar] [CrossRef]

	



Hillmer, H.; Iskhandar, M.S.Q.; Hasan, M.; Akhundzada, S.; Al-Qargholi, B.; Tatzel, A. MOEMS micromirror arrays in smart windows for daylight steering. J. Opt. Microsyst. 2021, 1, 14502. [Google Scholar] [CrossRef]

	



Hillmer, H.; Al-Qargholi, B.; Mohsin Khan, M.; Worapattrakul, N.; Wilke, H.; Woidt, C.; Tatzel, A. Optical MEMS-based micromirror arrays for active light steering in smart windows. Jpn. J. Appl. Phys. 2018, 57, 08PA07. [Google Scholar] [CrossRef]

	



Hasan, M.K.; Liebermann, S.; Iskhandar, M.; Löber, D.; Li, Q.; Xu, G.; Hillmer, H. Personalized Light Steering in Buildings Utilizing 2D Actuation in MEMS Micromirror Arrays. In Yearbook Surface Technology; Leuze Publishing House: Bad Saulgau, Germany, 2022; pp. 217–237. ISBN 978-3-87480-380-9. [Google Scholar]

	



Iskhandar, M.S.Q.; Al-Qargholi, B.; Khan, M.M.; Tatzel, A.; Luo, H.; Nazemroaya, S.; Li, Q.; Hillmer, H. Development of optical MEMS-based micromirror arrays for smart window applications: Implementation of subfield addressing and reliability measurements. In Yearbook Surface Technology; Leuze Publishing House: Bad Saulgau, Germany, 2019; pp. 93–107. ISBN 978-3-87480-357-1. [Google Scholar]

	



Nazemroaya, S.; Iskhandar, M.; Hasan, M.K.; Li, Q.; Hillmer, H. Concepts for clear View through 3D Structured Surfaces of MEMS Smart Glass: Design, Implementation, Characterization and Validation. In Yearbook Surface Technology; Leuze Publishing House: Bad Saulgau, Germany, 2020; pp. 101–115. ISBN 978-3-87480-364-9. [Google Scholar]

	



Qasim, H.M.; Chen, J.; Iskhandar, M.; Hasan, M.; Baby, S.; Elsaka, B.; Löber, D.; Xu, G.; Hillmer, H. Advancements in Surface Modification and Coloring Technologies for MEMS-Based Smart Windows: Ultra-Thin Highly Absorbing Films and C-V Measurements of Smart Glass as Sustainable Energy Solutions. In Yearbook Surface Technology; Leuze Publishing House: Bad Saulgau, Germany, 2023; pp. 336–372. ISBN 978-3-87480-385-4. [Google Scholar]

	



Ilias, S.; Picard, F.; Larouche, C.; Kruzelecky, R.; Jamroz, W.; Le Noc, L.; Topart, P. Programmable optical microshutter arrays for large aspect ratio microslits. In Photonics North 2008; Vallée, R., Piché, M., Mascher, P., Cheben, P., Côté, D., LaRochelle, S., Schriemer, H.P., Albert, J., Ozaki, T., Eds.; SPIE, Bellingham: Washington, DC, USA, 2008; p. 70992D. [Google Scholar]

	



Goodwin-Johansson, S.; Davidson, M.; Dausch, D.; Holloway, P.H.; McGuire, G. High speed, large motion electrostatic artificial eyelid. In Technical Digest, Proceedings of the MEMS 2002 IEEE International Conference, Fifteenth IEEE International Conference on Micro Electro Mechanical Systems (Cat. No.02CH37266); IEEE: Piscataway, NJ, USA, 2002; pp. 610–613. [Google Scholar]

	



Kim, C.-H.; Hong, S. Study on the reliability of the mechanical shutter utilizing roll actuators. In Proceedings of the 2011 IEEE 24th International Conference on Micro Electro Mechanical Systems, Cancun, Mexico, 23–27 January 2011; pp. 501–504. [Google Scholar]

	



Pizzi, M.; Koniachkine, V.; Nieri, M.; Sinesi, S.; Perlo, P. Electrostatically driven film light modulators for display applications. Microsyst. Technol. 2003, 10, 17–21. [Google Scholar] [CrossRef]

	



Roux, P.; Woirgard, E.; Pizzi, M.; de Martiis, O.; Koniachkine, V. Fem modelling of an electro-optical micro-shutter. Sens. Actuators A Phys. 2005, 119, 1–7. [Google Scholar] [CrossRef]

	



Schalberger, P.; Al Nusayer, S.A.; Raichle, C. 54-1: Parallel Fabrication for Integration of Electronic and Microelectromechanical Systems. SID Symp. Dig. Technol. Pap. 2016, 47, 731–734. [Google Scholar] [CrossRef]

	



Mori, K.; Misawa, K.; Ihida, S.; Takahashi, T.; Fujita, H.; Toshiyoshi, H. A MEMS Electrostatic Roll-Up Window Shade Array for House Energy Management System. IEEE Photonics Technol. Lett. 2016, 28, 593–596. [Google Scholar] [CrossRef]

	



Lamontagne, B.; Fong, N.R.; Song, I.-H.; Ma, P.; Barrios, P.J.; Poitras, D. Review of microshutters for switchable glass. J. Micro/Nanolithogr. MEMS MOEMS 2019, 18, 40901. [Google Scholar] [CrossRef]

	



Langley, D.; Rogers, S.; Starman, L. Fabrication Studies for Scaling Photonic MEMS Micro-shutter Designs. In Adaptive Coded Aperture Imaging and Non-Imaging Sensors II: 10 August 2008, San Diego, California, USA; Casasent, D.P., Ed.; SPIE: Bellingham, DC, USA, 2008; ISBN 9780819473165. [Google Scholar]

	



Goodwin-Johansson, S.H.; Davidson, M.R.; Dausch, D.E.; Holloway, P.H.; McGuire, G. Reduced voltage artificial eyelid for protection of optical sensors. Proc. SPIE 2002, 451–458. [Google Scholar]

	



Lamontagne, B.; Barrios, P.; Py, C.; Nikumb, S. The next generation of switchable glass: The micro-blinds. In Proceedings of the Conference Glass Performance Days, Collection/Collection: NRC Publications Archive/Archives des publications du CNRC. June 2009. Available online: https://nrc-publications.canada.ca/eng/view/accepted/?id=6c7d2744-b6af-47fd-9a51-9b5c6a2f48ad (accessed on 26 February 2024).

	



Schlam, E.; Finch, J.; Koskulics, J. Highly Reflective Electrostatic Shutter Display; Campbell; Society for Information Display: Sendai, Japan, 2017. [Google Scholar]

	



Kim, C.-H.; Jung, K.-D.; Kim, W. A Wafer-Level Micro Mechanical Global Shutter for a Micro Camera. In Proceedings of the 2009 IEEE 22nd International Conference on Micro Electro Mechanical Systems, Sorrento, Italy, 25–29 January 2009; pp. 156–159. [Google Scholar]

	



Lee, K.-H.; Chang, J.; Yoon, J.-B. High performance microshutter device with space-division modulation. J. Micromech. Microeng. 2010, 20, 75030. [Google Scholar] [CrossRef]

	



Lim, K.-S.; Chung, J.; Yoo, S.; Yoon, J.-B. P-67: Wide Bandwidth Reflective Microshutter Blind Panel for Transparent Organic Light-Emitting Diode Display. SID Symp. Dig. Tech. Pap. 2016, 47, 1389–1391. [Google Scholar] [CrossRef]

	



Al Nusayer, S.A.; Schalberger, P.; Baur, H.; Fruehauf, N. 39-4: TFT Integrated Microelectromechanical Shutter for Display Application. SID Symp. Dig. Tech. Pap. 2018, 49, 498–501. [Google Scholar] [CrossRef]

	



Yang, X.; Kästner, P.; Käkel, E.; Smolarczyk, M.; Liu, S.; Li, Q.; Hillmer, H. Study of Dynamics in Metallic MEMS Cantilevers—Pull-In Voltage and Actuation Speed. Appl. Sci. 2023, 13, 1118. [Google Scholar] [CrossRef]

	



Künne, M.; Hagemeier, S.; Käkel, E.; Hillmer, H.; Lehmann, P. Investigation of measurement data of low-coherence interferometry at tilted surfaces in the 3D spatial frequency domain. tm-Technol. Mess. 2022, 89, 515–524. [Google Scholar] [CrossRef]

	



Zhou, G.; Yu, H.; Du, Y.; Chau, F.S. Microelectromechanical-systems-driven two-layer rotary-blade-based adjustable iris diaphragm. Opt. Lett. 2012, 37, 1745–1747. [Google Scholar] [CrossRef]

	



Draheim, J.; Burger, T.; Korvink, J.G.; Wallrabe, U. Variable aperture stop based on the design of a single chamber silicone membrane lens with integrated actuation. Opt. Lett. 2011, 36, 2032–2034. [Google Scholar] [CrossRef]

	



Muller, P.; Feuerstein, R.; Zappe, H. Integrated Optofluidic Iris. J. Microelectromech. Syst. 2012, 21, 1156–1164. [Google Scholar] [CrossRef]

	



Deutschmann, T.; Oesterschulze, E. Integrated electrochromic iris device for low power and space-limited applications. J. Opt. 2014, 16, 75301. [Google Scholar] [CrossRef]

	



Schuhladen, S.; Preller, F.; Rix, R.; Petsch, S.; Zentel, R.; Zappe, H. Iris-Like Tunable Aperture Employing Liquid-Crystal Elastomers. Adv. Mater. 2014, 26, 7247–7251. [Google Scholar] [CrossRef]

	



Zeng, H.; Wani, O.M.; Wasylczyk, P.; Kaczmarek, R.; Priimagi, A. Self-Regulating Iris Based on Light-Actuated Liquid Crystal Elastomer. Adv. Mater. 2017, 29, 1701814. [Google Scholar] [CrossRef]

	



Ma, Q.; Ren, G.; Xu, K.; Ou, J.Z. Tunable Optical Properties of 2D Materials and Their Applications. Adv. Opt. Mater. 2021, 9, 2001313. [Google Scholar] [CrossRef]

	



Kim, H.-L.; Wang, F. Reflective Phase-Contrast for High-Contrast Imaging of van der Waals Heterostructure. Nano Lett. 2023, 23, 2898–2904. [Google Scholar] [CrossRef]

	



Ye, K.; Liu, L.; Huang, J.; Nie, A.; Zhai, K.; Wang, B.; Wen, F.; Mu, C.; Zhao, Z.; Gong, Y.; et al. High-Performance Broadband Photodetectors of Heterogeneous 2D Inorganic Molecular Sb2O3/Monolayer MoS2 Crystals Grown via Chemical Vapor Deposition. Adv. Opt. Mater. 2020, 8, 2000168. [Google Scholar] [CrossRef]

	



Carvalho, A.F.; Kulyk, B.; Fernandes, A.J.S.; Fortunato, E.; Costa, F.M. A Review on the Applications of Graphene in Mechanical Transduction. Adv. Mater. 2022, 34, 2101326. [Google Scholar] [CrossRef]

	



Kim, S. All-2D material photonic devices. Nanoscale Adv. 2023, 5, 323–328. [Google Scholar] [CrossRef]

	



Koppens, F.H.L.; Mueller, T.; Avouris, P.; Ferrari, A.C.; Vitiello, M.S.; Polini, M. Photodetectors based on graphene, other two-dimensional materials and hybrid systems. Nat. Nanotechnol. 2014, 9, 780–793. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, J.; Yang, Y.; Choi, H.; Park, J.-H.; Lee, B.H.; Lee, S. MXenes for future nanophotonic device applications. Nanophotonics 2020, 9, 1831–1853. [Google Scholar] [CrossRef]

	



Yu, L.; Bati, A.S.R.; Grace, T.S.L.; Batmunkh, M.; Shapter, J.G. Ti3C2Tx (MXene)-Silicon Heterojunction for Efficient Photovoltaic Cells. Adv. Energy Mater. 2019, 9, 1901063. [Google Scholar] [CrossRef]

	



Zheng, W.; Jiang, Y.; Hu, X.; Li, H.; Zeng, Z.; Wang, X.; Pan, A. Light Emission Properties of 2D Transition Metal Dichalcogenides: Fundamentals and Applications. Adv. Opt. Mater. 2018, 6, 1800420. [Google Scholar] [CrossRef]

	



Anichini, C.; Czepa, W.; Pakulski, D.; Aliprandi, A.; Ciesielski, A.; Samorì, P. Chemical sensing with 2D materials. Chem. Soc. Rev. 2018, 47, 4860–4908. [Google Scholar] [CrossRef] [PubMed]

	



Geim, A.K.; Grigorieva, I.V. Van der Waals heterostructures. Nature 2013, 499, 419–425. [Google Scholar] [CrossRef] [PubMed]

	



Castellanos-Gomez, A.; Duan, X.; Fei, Z.; Gutierrez, H.R.; Huang, Y.; Huang, X.; Quereda, J.; Qian, Q.; Sutter, E.; Sutter, P. Van der Waals heterostructures. Nat. Rev. Methods Primers 2022, 2, 1–19. [Google Scholar] [CrossRef]

	



Papadakis, G.T.; Narang, P.; Sundararaman, R.; Rivera, N.; Buljan, H.; Engheta, N.; Soljačić, M. Ultralight Angstrom-Scale Optimal Optical Reflectors. ACS Photonics 2018, 5, 384–389. [Google Scholar] [CrossRef]

	



Mak, K.F.; Shan, J. Photonics and optoelectronics of 2D semiconductor transition metal dichalcogenides. Nat. Photonics 2016, 10, 216–226. [Google Scholar] [CrossRef]

	



Li, Q.; Alfrey, A.; Hu, J.; Lydick, N.; Paik, E.; Liu, B.; Sun, H.; Lu, Y.; Wang, R.; Forrest, S.; et al. Macroscopic transition metal dichalcogenides monolayers with uniformly high optical quality. Nat. Commun. 2023, 14, 1837. [Google Scholar] [CrossRef]

	



Zeytinoǧlu, S.; Roth, C.; Huber, S.; İmamoğlu, A. Atomically thin semiconductors as nonlinear mirrors. Phys. Rev. A 2017, 96, 31801. [Google Scholar] [CrossRef]

	



van de Groep, J.; Song, J.-H.; Celano, U.; Li, Q.; Kik, P.G.; Brongersma, M.L. Exciton resonance tuning of an atomically thin lens. Nat. Photonics 2020, 14, 426–430. [Google Scholar] [CrossRef]

	



Ma, E.Y.; Hu, J.; Waldecker, L.; Watanabe, K.; Taniguchi, T.; Liu, F.; Heinz, T.F. The Reststrahlen Effect in the Optically Thin Limit: A Framework for Resonant Response in Thin Media. Nano Lett. 2022, 22, 8389–8393. [Google Scholar] [CrossRef] [PubMed]

	



Back, P.; Zeytinoglu, S.; Ijaz, A.; Kroner, M.; Imamoğlu, A. Realization of an Electrically Tunable Narrow-Bandwidth Atomically Thin Mirror Using Monolayer MoSe2. Phys. Rev. Lett. 2018, 120, 37401. [Google Scholar] [CrossRef] [PubMed]

	



Suárez-Forero, D.G.; Ni, R.; Sarkar, S.; Mehrabad, M.J.; Mechtel, E.; Simonyan, V.; Grankin, A.; Watanabe, K.; Taniguchi, T.; Park, S.; et al. Chiral Optical Nano-Cavity with Atomically Thin Mirrors. arXiv 2023, arXiv:2308.04574. [Google Scholar]

	



Rui, J.; Wei, D.; Rubio-Abadal, A.; Hollerith, S.; Zeiher, J.; Stamper-Kurn, D.M.; Gross, C.; Bloch, I. A subradiant optical mirror formed by a single structured atomic layer. Nature 2020, 583, 369–374. [Google Scholar] [CrossRef]

	



Lin, L.Y.; Goldstein, E.L.; Tkach, R.W. Free-space micromachined optical switches for optical networking. IEEE J. Sel. Top. Quantum Electron. 1999, 5, 4–9. [Google Scholar] [CrossRef]

	



Lin, L.Y.; Goldstein, E.L. Micro-electro-mechanical systems (MEMS) for WDM optical-crossconnect networks. In Proceedings of the MILCOM 1999, IEEE Military Communications, Conference Proceedings (Cat. No. 99CH36341), Atlantic City, NJ, USA, 31 October–3 November 1999; Volume 2, pp. 954–957. [Google Scholar]

	



Texas Instruments. Incorporated [DLPS036; B]. DLP9000 Family of 0.9 WQXGA Type A DMDs datasheet (Rev. B). Available online: https://www.ti.com/lit/ds/symlink/dlp9000.pdf?ts=1706718124684&ref_url=https%253A%252F%252Fwww.ti.com%252Fsitesearch%252Fen-us%252Fdocs%252Funiversalsearch.tsp%253FlangPref%253Den-US%2526searchTerm%253DDLP9000%2526nr%253D310 (accessed on 23 February 2024).

	



Texas Instruments. Incorporated [DLPS221; B]. DLP780TE 0.78 4K UHD DMD datasheet (Rev. B). Available online: https://www.ti.com/lit/ds/symlink/dlp780te.pdf?ts=1706518601346 (accessed on 23 February 2024).

	



Texas Instruments. Incorporated [DLPA083; B]. DMD Optical Efficiency for Visible Wavelengths (Rev. B). Available online: https://www.ti.com/lit/an/dlpa083b/dlpa083b.pdf?ts=1706539387115&ref_url=https%253A%252F%252Fwww.ti.com%252Fsitesearch%252Fen-us%252Fdocs%252Funiversalsearch.tsp%253FlangPref%253Den-US%2526searchTerm%253Ddmd%2B13%2B68%2526nr%253D195 (accessed on 23 February 2024).

	



Texas Instruments. Incorporated [DLPS033; D]. DLP9500UV DLP® 0.95 UV 1080p 2 x LVDS Type A DMD datasheet (Rev. D). Available online: https://www.ti.com/lit/ds/symlink/dlp9500uv.pdf?ts=1706499386582 (accessed on 26 February 2024).

	



Texas Instruments. Incorporated [DLPS061; E]. DLP7000UV 0.7XGA 2xLVDS UV Type A DMD datasheet (Rev. E). Available online: https://www.ti.com/lit/ds/symlink/dlp7000uv.pdf?ts=1706539591407&ref_url=https%253A%252F%252Fwww.ti.com%252Fsitesearch%252Fen-us%252Fdocs%252Funiversalsearch.tsp%253FlangPref%253Den-US%2526searchTerm%253Ddmd%2B13%2B68%2526nr%253D195 (accessed on 23 February 2024).

	



Texas Instruments. Incorporated [DLPS125; C]. DLP47100.47 1080p DMD datasheet (Rev. C). Available online: https://www.ti.com/lit/ds/symlink/dlp4710.pdf?ts=1706525566533 (accessed on 23 February 2024).

	



Lee, S.-S.; Huang, L.-S.; Kim, C.-J.; Wu, M.C. Free-space fiber-optic switches based on MEMS vertical torsion mirrors. J. Light. Technol. 1999, 17, 7–13. [Google Scholar] [CrossRef]

	



Piyawattanametha, W.; Patterson, P.; Wu, M.; Hah, D.; Toshiyoshi, H. A surface and bulk micromachined angular vertical combdrive for scanning micromirrors. In Proceedings of the OFC 2003 Optical Fiber Communications Conference, Atlanta, GA, USA, 28 March 2003; Volume 1, pp. 251–252. [Google Scholar]

	



Tan, T.; Jiang, X.; Wang, C.; Yao, B.; Zhang, H. 2D Material Optoelectronics for Information Functional Device Applications: Status and Challenges. Adv. Sci. 2020, 7, 2000058. [Google Scholar] [CrossRef]

	



Nanoscale. Available online: https://www.nanoscale-glasstec.de/ (accessed on 23 February 2024).








[image: Photonics 11 00253 g001] 





Figure 1. Graphical abstract of the review. This diagram should enable an orientation throughout the whole paper. (MXenes: 2D inorganic compounds consisting of atomically thin layers of transition metal nitrides, carbonitrides, or carbides. h-BN: hexagonal boron nitride. TMDC: transition metal dichalcogenides. MOF: metal–organic frameworks. LDH: layered double hydroxides). 
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Figure 2. (a) Cross-section of a Fabry–Pérot (FP) filter array with Distribuited Bragg Reflectors (DBRs) and with a detector array below (magenta) constituting a nanospectrometer (left) and the related calculated transmission spectra (right). (b) The fabrication process flow. All the different cavity heights are fabricated using a single nanoimprint step. The orange material represents the nanoimprint resist, which is hardened to serve as the cavity material, later. All the red-magenta objects represent the detectors. Reproduction from ref. [6] with the permission of MDPI. 
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Figure 3. Nanospectrometer in a cross-section combining three different spectrally neighbored stopbands in a Fabry–Pérot (FP) filter array with Distribuited Bragg Reflector (DBR) micromirrors and with a sensor array. For the definition of the orange cavity layer, only one nanoimprint step is applied. From all the incoming light spectra, each detector is reached by a different wavelength (or, more precisely, a very small spectral band with that wavelength constituting the peak). Modified figure from ref. [6]. 
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Figure 4. (Top) Optical microscope images of three FP filter arrays with 392 DBR micromirrors. The three filter arrays are highlighted by different colors: the green color symbolizes a greenish spectral range, the orange color symbolizes orangish spectral range, and the red color symbolizes the reddish spectral range. (Bottom) Optical transmission spectra with 192 spectrally different FP filter lines. Original figure using ref. [6]. 
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Figure 5. An 8 × 8 optical MEMS switch for optical communications. Switching in 2D. (a) Schematic of the micromirror arrays; (b) SEM micrograph of 8 × 8 optical MEMS micromirror arrays; (c) schematic of a single micromirror during lift-up or switching via an actuator; (d) SEM micrograph of a single MEMS micromirror; (e) eight steps in the Si MEMS fabrication process, with the three polycrystalline Si layers denoted by poly-Si 1, poly-Si 2, poly-Si 3, and a hinge fabrication similar to refs. [3,5]. Figure redrawn using elements of refs. [3,5]. 
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Figure 6. N × N optical MEMS switch for optical communications with N = 16 or 32. Switching in 3D. (a) Schematic of the switching of the N input channels to one of the N output channels using two Si micromirror arrays with N mirrors each. (b) Colored SEM of a single Si micromirror in a gimbal mount during actuation. (c) Colored SEM of arrays of a Si MEMS micromirror [19]. 
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Figure 7. Schematic of two micromirrors of a DMD array in the two bistable tilting position [2]. 
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Figure 8. (a) Top: tilted top-view SEM micrograph of an InP multiple airgap MEMS-tunable FP filter with InP/GaInAs supporting posts with contacts on top; bottom: tilted side-view SEM micrograph of the suspensions; (b) SEM micrograph of four InP multiple airgap MEMS-tunable FP filters of different geometries in an array showing the contacts for the electrostatic actuation as well as the integrated photodiode below the filters; (c) filter peak wavelength as a function of applied voltage U (actuation voltage) providing a tuning characteristic. Some selected experimental reflection spectra R(λ) are shown in the inset in color for different applied voltages U. (d) An array of four MEMS-tunable FP filters in an array including eight DBR micromirrors in an InP multiple airgap configuration. Design draft of a strongly miniatured InP MEMS DBR micromirror array with potential quarter-wave InP layers, a 1500 nm stopband width, and a spectral tuning range of up to 900 nm in the NIR. Updated figures from ref. [25]. 






Figure 8. (a) Top: tilted top-view SEM micrograph of an InP multiple airgap MEMS-tunable FP filter with InP/GaInAs supporting posts with contacts on top; bottom: tilted side-view SEM micrograph of the suspensions; (b) SEM micrograph of four InP multiple airgap MEMS-tunable FP filters of different geometries in an array showing the contacts for the electrostatic actuation as well as the integrated photodiode below the filters; (c) filter peak wavelength as a function of applied voltage U (actuation voltage) providing a tuning characteristic. Some selected experimental reflection spectra R(λ) are shown in the inset in color for different applied voltages U. (d) An array of four MEMS-tunable FP filters in an array including eight DBR micromirrors in an InP multiple airgap configuration. Design draft of a strongly miniatured InP MEMS DBR micromirror array with potential quarter-wave InP layers, a 1500 nm stopband width, and a spectral tuning range of up to 900 nm in the NIR. Updated figures from ref. [25].
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Figure 9. Micromirror in open (0 V, (a,c)) and closed (50 V, (b,d)) state, from a side perspective. They are arranged in an inert gas atmosphere inside an insulated double-glazed windowpane, as illustrated in (a,b) as a schematic diagram and their respective SEM micrographs in (c,d). Modified figure from ref. [27]. 
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Figure 10. SEM micrograph of (a) a freestanding micromirror in an array with an inset of a magnified area and (b) an individual vertically standing flat mirror with a 90° opening angle. Original figure from ref. [27] with permission of Leuze publishing house. 
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Figure 11. Illustration of a room equipped with a micromirror-array-based smart window and scenarios with and without users in different seasons, demonstrating light steering and heat energy management. (a) Summer, no user present: Solar radiation is blocked by reflecting outside that keeps the room cool and saves a huge amount of energy. The thickness of the red arrows symbolizes the amount of heat transfer; (b) summer, user present: illuminates by deflecting light towards the ceiling above the user and saves energy by limiting the heat transfer with a closed micromirror in the lower areas; (c) winter, no user: acts as a radiation heater by using all solar infrared and visible radiation to heat up the room; (d) winter, user present: Complete solar radiation is reflected towards the ceiling. Heat radiation coming inside the room is presented with red arrows. The widths of the red arrows symbolize the amount of heat energy entering the room or being harvested. Original figure from ref. [27] with permission of Leuze publishing house. 
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Figure 12. SEM micrographs of (a) a perspective top view of a microshutter array in the opening state after lift-off and a drying process; (b) perspective side view of standing flat shutters. the red arrow indicates the anchor (supporting post), i.e., the connecting grid. The arrow points in the long direction of the anchors. (c) Perspective top view of a microshutter focusing on the blade and grid. 
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Figure 13. Light intensity transmitted through the microshutter array as a function of time (orange profile and right ordinate). The applied electrostatic actuation voltage is also displayed as a function of time (blue profile and left ordinate). A closing time less than 1 µs is measured for microshutter arrays with a dimension of 2000 µm × 40 µm for a single mirror. 
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Figure 14. Starting from the left, the design of a MEMS ring shutter array from the top view, depicting rings A–E and quadrants 1–3 with a color code in a simplified version (no actual shutter elements shown). The prototype has a total diameter of 18 mm. In the middle: close-up of the inner ring A filled with the shutters. On the right: single shutter element with simplified size parameters of angular width Lφ and radial length Lr. Motivated by the platform technology, the standard parameters are Lφ = 400 µm and Lr = 150 µm. 
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Figure 15. (a) SEM micrographs of a ring shutter array from the top view demonstrating the homogeneity of the opening angle independently of the orientation with standard size parameters of Lφ = 400 µm and Lr = 150 µm (corresponding mask cutout of ring B below). (b) Cutout of the design from the top view (left) and SEM micrograph of the resulting planarized shutters from the side view (right) with aspect ratio Lr/Lφ = 150 µm/150 µm = 1 (standard parameter aspect ratio 3/8). 
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Figure 17. Schematic diagram for the 2D layer-based optical mirror to design the TMDC-based nano-cavity device for confining the electromagnetic modes. Figure modified from [78]. 
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Table 1. Comparison of different MEMS shutter technologies (update of ref. [42]): materials, size of single shutter elements, experimental characterization results, and potential applications [43]. The question mark (?) in the table indicates that no information is available at that position. The table includes refs. [27,29,30,31,32,33,34,35,37,38,39,42,43,44,45,46,47,48,49,50].
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	Research Group
	Time Period
	Bottom Electrode
	Top Electrode
	Mirror Size
	Actuation
	Speed To Close
	Array Size
	Max/Min Transmission %–Contrast
	Applications, Comments





	Fiat [35,36]
	1999–2005
	ITO
	flexible metal

layer
	458 µm–2.4 mm
	20–100 V
	0.1 ms
	-
	20/1–20
	Micro-shutter-based automotive display, IR spectrometry,

low transmission



	MCNC [44]
	2000–2002
	ITO
	polyimide/Cr/Au/

polyimide
	<100 µm

to >200 µm
	100–300 V
	18 µs
	5 cm2
	low contrast
	eyelid for protection



	Kassel University [27,28,29,30,31,32,33,34]
	2003–present
	FTO, ITO,

or Ag low-e
	SiO2-SiNx/Al-Cr-Al/Al-Cr-Al-Ge
	150 × 400 µm2
	12–80 V
	0.1 s
	0.87 m2
	73/0.01–7300

high contrast
	sunlight steering for buildings, high contrast, low voltage



	Kassel University [32,33]
	2018–present
	FTO, ITO
	Al-Cr-Al/Al-Cr-Al
	60 × 1000 µm2

100 × 1000 µm2
	50–80 V
	1 µs
	7 cm2
	77/0.01–7700

high contrast
	Laser safety goggles, high contrast, high closing speed



	NRC [42,45]
	2005–present
	SnO2, ITO, Ag low-e
	Cr and others
	50–300 µm2
	15–25 V
	40 µs
	20 cm2
	60/0.1–600

high contrast
	high contrast, low voltage



	NVMG [36,46]
	2007–present
	TCO
	Shrinkable

Polymer
	≥2 mm
	100–500 V
	Seconds
	5000 cm2
	low contrast
	Macro-curling shutter, commercialized



	INO [39,42]
	2008–2009
	Al
	MoCr
	60 × 1000 µm2
	110 V
	2 ms to close, 7 ms to open
	0.25 cm2
	low contrast
	Space instrumentation



	Air Force [43]
	2008
	AlZnO
	Ti and Au
	200 × 50 µm2
	-
	-
	-
	40/1–40
	Adaptive coded aperture imaging



	Samsung [37,47]
	2009–2011
	ITO
	Al-SiNx,

Mo-Mo
	ᴓ 2.2 mm,

36 × 1.4 mm long triangals rolled
	30 V
	2 ms
	Iris of 0.04 cm2
	?
	Iris shutter for camera



	KAIST [48,49]
	2010–2016
	ITO
	Electroplated Ni
	200 × 160 µm2
	20-30 V
	20 µs to

close
	small
	60/ ?–?
	active transparent display with TR-OLEDs



	University of Tokyo [41]
	2015–2016
	ITO
	Al-SiO2
	200 × 30 µm2
	38–55 V
	3 ms
	-
	53/36–1.5
	implemented on TFT



	Stuttgart University [42,50]
	2016–present
	MoTa
	MoTa on

stressed SiNx
	200 µm
	20–60 V
	-
	2–225 cm2
	low contrast
	Transmissive display on TFT, low transmission










 





Table 2. Comparison of different MEMS shutters: material, number of micromirrors, array size, size of single shutter elements, reflectivity, switching time, miniaturization potential, reliability. The table includes refs. [6,18,19,26,27,28,29,30,31,32,33,34,80,81,82,83,84,85,86,87].
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No.

	
Materials and

Type of Arrays

	
Number of Micromirrors

	
Array Size

	
Dimensions of

A Single Mirror

	
Reflectivity %, Wavelength Range In nm

	
Switching Time

	
Miniaturization Potential of a Single Mirror

	
Reliability, Lifetimes






	
1

	
Dielectric DBRs [6]

	
384 mirrors

	
90 mm2

	
40 µm × 40 µm

	
99.8

for 400–1700 nm ***

	
-

	
6 µm × 6 µm

for VIS

	
high, very long for static DBRs




	
13 µm × 13 µm for NIR




	
2

	
Si micromirrors with gold, dielectric coating, N × N switch [80,81]

	
64 (8 × 8)

	
100 mm2

	
Ø = 400 µm

	

	
500 µs mirror itself

	

	




	
36 (6 × 6)




	
560 µs with springs




	
3

	
Si micromirrors λ-router [16,19]

	
256 (16 × 16)

	
2.5 cm2

	
Ø = 500 µm

	

	
<5 ms

	

	
18 billion actuation cycles, long




	
1296 (36 × 36)

	
≈36 cm2




	
4

	
Si micromirrors DMD [82,83,84,85,86,87] *

	
1024 × 768

	
≈14 × 10.5 mm2

	
13.68 µm

	
89 for 420−680 nm

88 for 363−420 nm

	
12.5 µs

	

	
>500 million actuation cycles per mirror,

>20 years **




	
1920 × 1080

	
≈20.7 × 11.7 mm2

	
10.8 µm

	
12.5 µs




	
2560 × 1600

	
≈19.4 × 12. mm2

	
7.56 µm (± 12°)

	
16 µs




	
3840 × 2160

	
≈17.3 × 9.7 mm2

	
9 µm (± 14.5°)

	
8 µs




	
1920 × 1080

	
≈ 10.4 × 5.8 mm2

	
5.4 µm (±17°)

	
10 µs




	
5

	
InP multiple airgap micromirrors [26]

	
306

	
70 mm2

	
Various

Ø=10 µm–80 µm

	
99.995 for a DBR micromirror with 4.5 InP/air periods ***

	
Simulated

<10 µs

	
Membrane

Ø = 13 µm

for λ = 1.55 µm

	




	
6

	
Metal micromirror arrays for smart glass

[27,28,29,30,31,32,33,34]

	
>1,200,000

	
29 × 29 cm2

	
400 µm × 150 µm

	
≈90 at 600 nm

	
≈0.1 s

	
not recommended for smart glass in buildings

	
31,000 h vibration

tests, 37 billion

actuation cycles




	
>12,600,000

	
126 × 69 cm2




	
7

	
Metal microshutter arrays for safety goggles [32,33]

	
up to 10,000

	
elliptical main axis

3 cm and 2.5 cm

	
1000 µm × 100 µm and many other dimensions

	
≈90 at 600 nm

	
1 µs

	
20 µm

	




	
8

	
Metal microshutter arrays for ring shutters

	
3000–10,000

	
Ø = 18 mm

	
Lφ = 150–600 µm

Lr = 60–300 µm

(various dimensions)

	
≈ 90 at 600 nm

	
≈10 µs interpolated

	
not required for interference microscopy

	








* Number of micromirrors and array size varies with the required resolution, listed numbers are typical-used number. ** the real value might be higher, most probably. But this value can be found in the literature. *** see Figure S1 in the supplementary material.
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