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Abstract

In an era where portable electronic devices are indispensable for a wide range of activities, the need
for displays that provide both long-lasting battery life and excellent visibility in different lighting con-
ditions is increasingly important. Emissive displays, which are widely used in current technologies,
face challenges in adapting to changing environmental lighting. Unlike the human visual system that
naturally sustains a consistent perception of visual elements in varying lighting conditions, emissive
displays struggle to adapt their brightness effectively to diverse ambient settings. This inefficiency
leads to greater power consumption to keep the screen visible, especially in well-lit areas, which in
turn shortens the device’s battery life. The issue can further lead to eye strain, caused by the dispar-
ity in luminosity between the display and its immediate surroundings. Reflective displays emerge
as a promising alternative that leverages, rather than tries to match, ambient light.

This thesis investigates the development of a MEMS-based technology designed for tunable meta-
surfaces, aimed at enhancing reflective displays in mobile devices. The MEMS system features
a unique electrostatically actuated membrane. This membrane is distinctive for its array of holes,
each housing a stationary amorphous silicon (aSi) pillar. The key innovation here is the ability to
switch between a flat surface and a nanostructured surface. This switch is achieved by controlling
the vertical movement of the membrane: when the membrane moves downwards, the aSi pillars
protrude, creating a nanostructured surface. Conversely, when the membrane is in its original posi-
tion, the top surface appears flat. The optical characteristics of this dynamic surface are analyzed
using Rigorous Coupled-Wave Analysis (RCWA) simulations and integrated with particle-swarm op-
timization (PSO) to optimize the system’s dimensions. This approach aims to exploit Mie resonance
for enhanced absorption in the nanostructured state or Fresnel Reflection in the flat state to achieve
optical contrast.

The research progresses through several stages, beginning with the development of a static proto-
type that uses amorphous silicon (aSi) nanopillars and flat areas to achieve a contrast ratio of 1:50
between reflective and absorptive states. Building on this initial work, a dynamic prototype featuring
electrostatic actuation is successfully developed. The device achieves a notable contrast ratio of
1:3 and demonstrates a switching time of 54 ms. While the optical and mechanical performance
present opportunities for further optimization due to strain-induced deformations affecting the ge-
ometry and high electric resistivity, they nevertheless showcase the prototype’s capability to alter
the optical response. Furthermore, the thesis delves into scalable manufacturing processes, with a
strong emphasis on self-alignment methodologies. Various deposition techniques are scrutinized,
and the feasibility of this self-aligned, scalable manufacturing process is experimentally validated,
despite some unresolved actuation failures.

Additionally, the thesis incorporates a computational aspect, involving the development of a Python
wrapper for commercial Rigorous Coupled-Wave Analysis software. This computational framework
facilitates advanced geometric definitions, input configurations, and a wide range of post-simulation
visualizations, from spectral data to near-field electromagnetic plots.

In summary, this thesis provides a comprehensive investigation into the technological feasibility
and scalability of MEMS-based tunable metasurfaces as a promising avenue for future reflective
displays, while also highlighting areas that require further research.

Keywords: MEMS, NEMS, Optics, Reflective Display, Metasurface



Zusammenfassung

Tragbare elektronische Geréte sind heute unverzichtbar und erfordern lange Akkulaufzeiten sowie

gute Sichtbarkeit unter verschiedenen Lichtbedingungen. Allerdings haben traditionellen emissiven

Displays wie LCD oder OLED oft Schwierigkeiten, sich an letztere anzupassen, und wenn doch,

dann meist auf Kosten der Energieeffizienz. Im Vergleich zum adaptiven Sehvermogen des Men-
schen, das eine konsistente Wahrnehmung Uiber ein breites Spektrum von Lichtbedingungen er-
madglicht, konnen aktuelle emissive Display-Technologien sich nur bedingt anpassen. Diese Inef-
fizienz flihrt zu einem erhohten Stromverbrauch, um die Sichtbarkeit aufrechtzuerhalten, insbeson-
dere in hellen Umgebungen, und verkiirzt so die Batterielebensdauer des Gerats. Zudem flihrt die

Diskrepanz zwischen suboptimaler Helligkeitsanpassung des Displays und den variierenden Umge-
bungslichtbedingungen haufig zu einer Uberanstrengung der Augen. Reflektierende Displays stellen
eine vielversprechende Alternative dar. Die Technologie nutzt das Umgebungslicht, anstatt sich

dessen anpassen zu mussen.

Diese Doktorarbeit widmet sich der Entwicklung einer innovativen Displaytechnologie mit reflek-
tiven Pixeln auf MEMS-Basis. Diese ermdglichen einen dynamischen Wechsel der Oberflachen-
struktur zwischen flach und nanostrukturiert. Dieser Ansatz verfolgt das Ziel, Mie-Resonanz flir
eine erhdhte Absorption im nanostrukturierten Zustand oder Fresnel-Reflexion im flachen Zustand
zu nutzen, um einen optischen Kontrast zu erzielen. Zentrales Element dieses Systems, ist eine
geldcherte Membran, die in jedem Loch einen feststehenden, amorphen Silizium (aSi) Pfeiler be-
herbergt. Bewegt sich die Membran nach unten, treten die aSi-Pfeiler hervor und bilden so eine
nanostrukturierte Oberflache. Im Gegensatz dazu erscheint die Oberflache flach, wenn die Mem-
bran in ihrer Ausgangsposition ist. Die optischen Eigenschaften dieser dynamischen Oberflache
werden mittels Rigorous Coupled-Wave Analysis (RCWA) Simulationen analysiert und in Kombina-
tion mit Partikelschwarmoptimierung (PSO) genutzt, um die Dimensionen des Systems zu optimieren.

Die Forschung durchlauft mehrere Stufen, beginnend mit der Entwicklung eines statischen Proto-
typs der das grundlegende Prinzip nachweist, dass nanostrukturierte Oberflachen zur Erzeugung
der Absorption - sprich eines schwarzen Pixels - moglich ist. Ein Kontrastverhaltnis von 1:50 zwis-
chen reflektierenden flachen amorphes Silizium (aSi) und Licht absorbierende Nanosaulen wird
erzielt. Es folgt ein dynamischer, elektrisch ansteuerbarer Prototyp, der ein Kontrastverhaltnis von
1:3 erreicht. Die optische Leistung wird jedoch durch mechanische Verformungen beeintrachtigt,
die die Geometrie und damit die Optik beintrachtigt. Die relativ langsame Schaltzeit ist dem hohen
spezifischen Widerstand von amorphem Silizium zuzuschreiben. Schlussendlich befasst sich die
Arbeit mit einem skalierbaren Herstellungsprozess, der es ermoglichen soll, eine gro3e Anzahl an
Pixeln - wie es in einem realen Display von Noten ist - herzustellen. Es werden verschiedene Ab-
scheidungsverfahren untersucht. Die Machbarkeit dieses selbstausrichtenden, skalierbaren Her-
stellungsverfahrens wird experimentell validiert.

Darliber hinaus beinhaltet die Arbeit einen computergestiitzten Aspekt durch den Einsatz von Par-
tikelschwarmoptimierung und die Entwicklung eines Python-Wrappers flir die kommerzielle Soft-
ware zur optischen Simulation, die auf Basis der Rigorous Coupled-Wave Analysis arbeitet. Der
Wrapper erleichtert geometrische Eingabekonfigurationen und bietet eine breite Palette von Post-
Simulations-Visualisierungen, von Spektraldaten bis zu elektromagnetischen Nahfelddiagrammen.

Zusammenfassend fokussiert sich diese Arbeit auf die technologische Machbarkeit und Skalier-
barkeit eines MEMS-basierten Elements, das durch dynamische Modulation der Oberflachenmor-
phologie die Variierung der Reflektionsintensitat ermoglicht und somit potenziell als zentrales Pix-
elelement in einem reflektierenden Bildschirm Anwendung finden kann.

Stichworter:-MEMS, NEMS, Optik, Reflektierende Displays, Metasurface
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Introduction

In today’s world, the increasing portability of electronic devices has amplified the demand for dis-
plays that offer both long battery life and high visibility in a variety of lighting conditions. Most current
devices use emissive display technology, which is less adept at posing as a solution. To understand
why that might be the case, one has to delve into the intricacies of how emissive displays interact
with the adaptive nature of human visual perception under varying ambient lighting conditions. The
human visual system exhibits a remarkable ability to maintain a consistent perception of colors and
brightness levels across varying lighting conditions, a phenomenon known as "color constancy” and
"brightness constancy” [1]. This ability guarantees that a white object retains its perceived whiteness
across a range of lighting conditions. An example of such an object is paper. The perception of it be-
ing white remains whether it is viewed indoors with softer lighting or outside under bright sunlight.
This constancy occurs despite the absolute level of light reaching the eyes from the paper being
vastly different in these scenarios. Emissive displays, by design, generate their own light, with a
fixed luminance value. However, as ambient lighting conditions shift, the human visual perception
of what constitutes "white” in terms of luminance will adjust. In brighter ambient conditions, the
"white” produced by an emissive screen might begin to appear more gray or dull, as the human vi-
sual system has recalibrated its reference point for white based on the higher luminance levels of
the ambient light. Thus, in bright conditions, an emissive display will have to produce more light
to maintain a level of luminance contrast that aligns with the viewer’s recalibrated perception of
"white.” The requirement to increase luminance output in brighter conditions presents a challenge,
particularly for portable devices where energy efficiency is crucial, as it leads to increased power
consumption, reducing the battery life of the device. Utilizing more efficient light generation such
as organic light-emitting diodes (OLED) or micro-LED technology can partly lessen the effect, yet it
remains an inevitable challenge. Moreover, eye strain is often caused by a severe luminosity differ-
ence between the monitor and the surrounding lighting, which can easily be the case with emissive
displays that don’t reach sufficient brightness levels.

Reflective display technology emerges as a more elegant solution to these challenges. Adhering to
the adage, "if you cannot beat them, join them,” reflective displays leverage ambient light instead
of competing against it. Unlike emissive displays, which generate their own light, reflective displays
utilize the surrounding light to show theirimage. Each of the pixels of a reflective display can change
the amount (brightness) and/or the reflected wavelength (color) of the ambient light rays that bounce
off its surface. In that sense, printed media, such as a book, can be seen as static versions of a re-
flective screen, where the black ink absorbs most of the incoming light and the white paper reflects
it, creating a visible discernible contrast in any lighting condition. Within the years there has been a
vast amount of different propositions on how to build reflective displays, only a few such as reflec-
tive liquid crystal displays (LCD) or micro-capsule electrophoretic displays have seen commercial
success. A commonplace example of reflective LCD technology is observed in typical calculator
screens, which remain legible even under direct sunlight without the necessity of a backlight. Tran-
sitioning to a more sophisticated implementation, Amazon’s Kindle e-readers utilize micro-capsule
electrophoretic display technology, commonly referred to as E Ink (from the eponymous company),
to provide a paper-like reading experience. Readability in the dark is assured through a dedicated

1



front-light. The relatively low reflection of around 30% for reflective LCDs and the slow switching
times of about 120 ms for electrophoretic displays have led to continued research efforts to find
more performing solutions.

The aim of this thesis is to suggest a Micro-Electro Mechanical Systems (MEMS) based technology
that could have potential applications as reflective displays for mobile devices. More specifically,
this technology is a MEMS-based tunable metasurface, capable of switching the reflective state
of each pixel. The term "meta” originates from the ancient Greek word "ue7a”, which means "be-
yond”, "after”, or "behind”. This etymological background can still be seen in classical terms like
"metaphysics”. In this context, the translation of "beyond” is appropriate, basically stating that the
technology ventures beyond the conventional surface properties. Classical materials exhibit a nar-
row set of optical properties, and thus often fail to address the need for the ever-growing demand
in performance and miniaturization. On the contrary, specially designed subwavelength structures
permit an unprecedented manipulation of the constitutive parameters, namely, the electrical permit-
tivity, , and the magnetic permeability, . Consequently, metasurfaces have paved the way for novel
advancements across a spectrum of applications. Recent demonstrations encompass femtomolar
bio-sensing for antibody and antigen detection [2], high-resolution optical microscope imaging at
the diffraction limit enabled by flat metasurface lenses [3], improving the inspection of materials
with novel short-wave infrared imagers [4], unprecedented 100K DPI images [5] or THz bandpass
filter for medical use and security screening [6]. These cited examples are passive components.
In this thesis, the interest lies in active components. Metasurfaces alter the electromagnetic re-
sponse through both material and geometric attributes. Active modulation techniques target these
two fundamental aspects to induce desired changes [7], opening up new venues. Next to reflective
displays, other application fields of tunable metasurfaces are, for example, optical beam steering for
Light Detection and Ranging [8] and laser machining. On a material level approach, different meth-
ods can be employed to modify the refractive index of the material, such as utilizing phase change
mechanisms [9], incorporating non-linear materials [10] or liquid crystals [11]. Conversely, geomet-
ric modifications can be attained through a multitude of approaches encompassing the stretching
of flexible substrates [12], or more broadly, via the employment of MEMS-based technology [13].
MEMS technology, in particular, harbors substantial potential for metasurface tuning as it facilitates
pronounced alterations in the local field, thus providing a vast range of electromagnetic responses,
rendering it a formidable option for the advancement of metasurface modulation.
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1.1. Concept

In this thesis, the alteration of a surface’s reflectivity is accomplished through the use of MEMS. The
key idea is to switch between a flat reflective surface and a nanostructured absorptive surface. This
transformation is realized as follows: As visualized in Figure 1.1, a suspended membrane is perfo-
rated with multiple holes. Within each hole, a nanopillar is situated, separated from the membrane
by a predetermined gap and anchored to the substrate. In its ideal state, the top surfaces of the
membrane and the nanopillars align, presenting a nearly continuous flat surface, interrupted only by
the ring openings caused by the gap. In the actuated state, electrostatic forces are utilized to draw
the membrane downward, causing the nanopillars to protrude into incoming light and effectively
create a sub-micron roughness on the surface. Essentially, a MEMS-based tunable metasurface is
envisioned that allows for dynamically tuning the absorption of such, thereby controlling the amount
of light reflected, creating bright and dark states. Combining multiple of these devices can create a
segmented or pixelated display unit. From a material perspective, silicon is an excellent candidate
for the proposed tunable metasurface. It is the most abundantly used element in microtechnology,
offering many established processing methods. Black silicon is a commonly used term to describe
nano- or microstructured silicon that shows a high amount of light absorption, rendering the surface
dark black to the naked eye [14]. It has found applications in solar cells [15], photoelectric catalytic
substrates [16], and photodetectors [17]. From a manufacturing point of view, amorphous silicon ex-
hibits distinct advantages over crystalline silicon, such as deposition on topography, compatibility
with a wide range of materials, and process temperatures. Thus, in this thesis, the primary focus
lies on a device with amorphous silicon (aSi) nanopillars and an aSi membrane.
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Figure 1.1: Concept visualization. MEMS-based tunable reflectivity by changing from a flat surface to a nanostructured
surface. This is accomplished using a membrane (A) interleaved with a nanopillar array (B) that can move along the axis of
said array, thereby going from a flat idle state to an actuated state to a structured state. Substrate (C) should be a dielectric
isolation layer.

In the investigation of the underlying physics of the proposed concept, the device design is initially
simplified, as illustrated in Figure 1.2a. Initially, the gap between the pillars and the membrane is
omitted for simplification. In the idle state, when the membrane is at the top, the configuration es-
sentially becomes an amorphous silicon (aSi) layer, provided the membrane is optically thick. Sub-
sequently, RCWA simulations reveal that in intermediate states, the membrane serves as an optical
cut-off, rendering any features below it optically irrelevant. As demonstrated in Fig. 1.2b, the far-field
reflection spectrum in these intermediate states closely resembles that observed with nanopillars
on an aSi substrate. In this case, the height of the nanopillars corresponds to their extent of pro-
trusion beyond the membrane. Given these observations, the phenomenological model is further
simplified to consist of an array of nanopillars on an aSi substrate for the actuated state, and simple
bulk aSi for the idle state.
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Figure 1.2: Simplified geometrical model of the device for investigating its underlying physics. Exemplary RCWA simulated
reflection spectra for different membrane positions from the top, and corresponding pillar heights on an aSi substrate,
indicating that the far-field reflection spectra closely resemble that of nanopillars on an aSi substrate. Geometry: period of
400 nm, diameter of 260 nm.

Light absorption in an array of aSi nanopillars is influenced by resonance-induced absorption, which
draws its name from Gustave Mie’'s seminal work on electromagnetic radiation scattering by small
entities [18]. This resonance effectively extends the light path within the material, resulting in am-
plified absorption, especially in lossy materials like aSi. As shown in Figure 1.3, the reflection dips,
and the corresponding resonance wavelengths shift towards the red end of the spectrum as the
diameter of the nanopillars increases (from 50 nm up to 200 nm). This trend mirrors the redshift
behavior seen in Mie resonances for standalone nanoparticles [19]. The pronounced dip at 400 nm,
which is equal to the array pitch, can be described by Rayleigh anomaly [20], [21].
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Figure 1.3: Redshift in Reflection Minima for aSi Nanopillar Arrays of Varying Diameters. The plot illustrates a redward shift
in resonance wavelengths as nanopillar diameter increases from 50 nm to 200 nm, in agreement with Mie theory. A distinct
dip at 400 nm corresponds to the array pitch and is explained by Rayleigh anomalies [21].

Hereafter, the influence of the different geometric parameters on the spectrum-averaged absorp-
tion is analyzed. Figure 1.4 analyzes the relation between the diameter-to-period ratio and the pillar
height for different periods.
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Figure 1.4: Spectrum-averaged Absorption vs. Pillar Density and Height. Enhanced absorption correlates with increased
height and close-packed density, attenuating at extreme densities [3,4]. Undulations between 100-200 nm heights
indicate effective medium behavior [3].

One can observe that generally increasing the pillar height results in higher absorption [22]. Increas-
ing the pillar height allows for more modes to exist, thus allowing for more absorption to happen in
the material. This can be seen in the addition of further dips in the far field reflection plot. As for
the diameter-to-period ratio, one can perceive that more absorption is exhibited for higher percent-
ages, a result attributed to a smoother refractive index gradient [23]. Naturally, this trend drops
again at very high ratios since the density is getting so dense that the film begins to resemble the
bulk material again. Furthermore, one can observe undulations in the absorption as the pillar height
increases. This is especially prominent between 100 nm and 200 nm pillar height. Such behavior
is attributed to the array functioning as an effective medium, closely approximating the characteris-
tics of a single-layer thin film. The observed maxima and minima in reflectance are a consequence
of the interference between reflections originating fromthe top and bottom surfaces of the layer
as the height of the pillar is increased [22]. The thin white line in Figure 1.4 denotes the geometric
conditions of the nanopillar array that result in a spectral averaged absorption of at least 90% or
more. These are geometries that are potentially interesting as pixel designs. The influence of the
gap width on the contrast ratio is intricate. Figure 1.5 showcases the relationship between the con-
trast ratio and gap width for various diameter-to-period ratios, exemplified for a period of 400 nm,
a pillar height of 200 nm and an actuated state of 100 nm membrane displacement.
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Figure 1.5: Influence of the gap on the contrast ratio. (a) Contrast ratio versus gap width for different diameter-to-period
ratios, with an aSi substrate. (b) Contrast ratio versus gap width for different pillar-to-period ratios, with an air substrate.
Geometry: period of 400 nm, pillar diameter of 260 nm, and membrane displacement of 100 nm for the actuated state.

Figure 1.5a and b distinguish the effects of an aSi substrate from an air substrate. As perceivable
by the difference in plotted curves, having a gap makes the optical characteristics of the device
more susceptible to the substrate. Furthermore, the contrast ratio, which is defined as the average
reflection in the idle state divided by the average reflection in the actuated state, tends to decline
for gaps wider than 50 nm. However, this relationship also varies with the diameter-to-period ra-
tio. Median ratios initially experience an uptick in contrast ratio, which subsequently declines, while
higher ratios see a steady decrease in contrast ratio as the gap widens.
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Figure 1.6: Influence of the gap on reflection spectra. (a) Pillar-to-period ratio of 0.5. (b) Pillar-to-period ratio of 0.8. Straight
line: device in idle state; Dotted line: Membrane displaced by 100 nm downward; Period: 400 nm; Pillar height: 200 nm

The uptick at around 25-50 nm gap for medium ratios can qualitatively be explained by an increased
absorption in the actuated state. It is hypothesized that the additional corrugation of the surface
added by the gap leads to enhanced light trapping. While a certain gap width can lead to increased
absorption in the actuated state, in the idle state the gap leads to reduced reflection. As will be out-
lined in chapter 2 for decent paper-like reflective display performances high white state reflectivity
is also very important next to a good contrast ratio. Thus, in most cases, it is advised to choose
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the smallest possible gap and optimize the remaining parameters to gain an acceptable contrast
ratio. In either way, introducing the gap increases the complexity of the physics, and thus in this
thesis the optimal geometric parameters are deduced using computational gradient-free optimiza-
tion combined with rigorous electromagnetic (EM) simulations. The primary objective of this thesis
is to investigate the development and operational principles of a new MEMS tunable metasurface,
with potential application in reflective display technologies. The research journey delineated in this
document adheres to a conventional developmental process. Chapter 2 provides an exhaustive
state-of-the-art analysis, concluding that MEMS-based reflective display pixel units show promis-
ing capabilities in terms of power consumption, switching speed, contrast ratio, and reflectivity. Fol-
lowing this groundwork, Chapter 3 elaborates on the optical design methodology employed, and
discusses, in particular, the Python framework built to facilitate the latter. Chapter 4 inaugurates
the experimental phase of the research by detailing the construction of an initial static prototype.
This basic model serves to validate the core hypothesis that a nanostructured surface can be engi-
neered to achieve a dark optical state, while a flat surface configuration is employed for a brighter
state. Subsequent to this validation, Chapter 5 advances the study by focusing on the fabrication
of a more sophisticated prototype capable of dynamic state-switching. This crucial step substanti-
ates the functional viability of the MEMS components integrated into the metasurface architecture.
Chapter 6 concludes the research by outlining a process flow that enables the scaled fabrication
of large arrays of units, a critical consideration for their potential deployment in pixelated reflective
displays. Finally, Chapter 7 summarizes the key aspects and points towards future prospective av-
enues to further improve the design and manufacturing.



State of the Art

Disclaimer: Major parts of the state of the art have been adapted from a recently submitted review
paper on reflective displays to the Journal of Optical Microsystems (JOM) under the title "Emulating
Paper: A Review of Reflective Display Technologies”. The JOM tracking number is 23034V.

Authors List: Dorian Herle, Olivier J.F. Martin, L. Guillermo Villanueva, Niels Quack

Doctoral candidate’s contribution: The doctoral candidate performed the literature search, data
collection, validation, analysis, summarization, and complete redaction of the paper.

2.1. Print Media as Benchmark for Reflective Displays

A commonly employed benchmark for assessing the static performance of reflective displays is the
extent to which they can emulate the visual characteristics of traditional print media. These charac-
teristics include elements such as ambient contrast ratio, white state reflectivity, color, and bistabil-
ity. While these benchmarks serve to gauge the performance of reflective displays, they also align
with foundational measurement parameters highlighted in the broader context of display technolo-
gies[24]. By focusing on these four key characteristics, this chapter aims to offer a comprehensive
understanding of how reflective displays measure up to print media in terms of readability and visual
comfort.

2.1.1. Ambient Contrast Ratio

White paper can be described as a close approximation of a perfectly diffuse, or Lambertian, sur-
face [25], making it appear bright from any viewing angle. At the same time, black pigments will
absorb most of the light. The ratio between the brightest and darkest state is commonly referred to
as “contrast” or contrast ratio (CR). Although emissive displays frequently exhibit exceedingly high
contrastratios, it isimportant to note that these values are typically attained under dark environmen-
tal conditions. Under bright ambient conditions these values usually greatly deteriorate for emissive
displays, as can be seen in Figure 2.1.
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Darkness Indoor lightning Overcast sky Outdoor sunlight

Figure 2.1: Qualitative photographs of a representative emissive display under different ambient conditions. Photographs
are taken in darkness (O lux), indoor lighting (1k lux), overcast sky (5k lux), and outdoor sunlight (40k lux). Adapted with
permission from Ref. [26]. Copyright (2021) DisplayMate Technologies.

The ambient contrast ratio (ACR), as defined in Eq. 2.1, offers a more accurate approach for eval-
uating display performance, particularly for reflective displays, as it takes into consideration the
real-world lighting conditions in which these devices operate [27].

Lon + LampientRL

Lott + Lambient Rz’
where Lo, and Log are the display’s 'on’” and 'off’ luminance, Lampient iS the ambient light, and R, is
the display’s luminous reflectance [28]. The latter quantifies the amount of visible light reflected by
a display panel under ambient lighting conditions, considering the human eye sensitivity V() (i.e.,
CIE 2° Standard Observer), the spectrum of the incident ambient light S(\) (i.e., CIE standard D65
light source), and the spectral reflectance of the display R(\). Mathematically, defined as follows:

ACR =

(27

A2
py B VOISR 22
2V (0)S(A)dA

A1

R;, serves as an index for evaluating the undesirable reflection of environmental light, which could
compromise the legibility and visual comfort of the display interface. Using Eq. 2.1, an average R;, of
4%, and a typical portable display luminance of 1500 lux, the ambient contrast ratio drops to below 2
in direct sunlight (40 K lux), which renders the screen illegible. Table 2.1 describes human readability
within terms of ACR.

Table 2.1: Ambient Contrast Ratio and Readability.

Ambient Contrast Ratio | Readability

1-2 lllegible under direct sunlight

3-4 Sufficient readability in shade; marginal legibility under direct sunlight
5-9 Adequate readability in sunlight; satisfactory appearance

10 Highly legible in sunlight; visually appealing

15 Exceptional readability; aesthetically pleasing

20 Superior performance; outstanding readability

2.1.2. White State Reflectivity

Next to ACR, white state reflectivity is important to mimic the appearance of paper. Figure 2.2 com-
pares the black and white reflectance of three different media: high-quality glossy print, standard
print, and LCDs, respectively. As can be seen, glossy prints have a white state reflectivity of around
80%, which sets them apart from the average 30% reflectivity found in reflective LCDs.



2.1. Print Media as Benchmark for Reflective Displays 10

90

80

70

607 National Geographic White

=== National Geographic Black
—— Standard Print White

=== Standard Print Black

— Reflective LCD White
=== Reflective LCD Black

50

40

Reflectance (%)

30 A

Wavelength (nm)

Figure 2.2: Reflectance spectra for white and black states of a high-quality magazine print (National Geographic), standard
print, as well as a reflective LCD. Contrast ratios are indicated on top of the white reflectance lines. Data for Reflective LCD
and national geographic sourced from [29] .

2.1.3. Color

Color reflective displays pose another layer of difficulty in obtaining bright vivid colors. Much of
it boils down to the right color system choice. Emissive displays predominantly employ an RGB
(red-green-blue) system or an augmented RGBW (red-green-blue-white) system. In the context of
reflective displays, using an RGB system leads to a maximum white-state reflectance of 33%, as
each subpixel in an RGB configuration only contributes 33% of the light. Similarly, an RGBW system
can achieve a maximum white-state reflectance of 50% due to the added white subpixel, which
further contributes to the overall reflectance. These values assume fully saturated color filters and
are usually lower in practice.

(a) RGB: max reflection ~ 33%, color fraction ~33% (b) RGBW: max reflection ~ 50%, color fraction ~ 25%
RGB filter RGBW filter
W/K pixels W/K pixels
(c) 3-layer CMY: max reflection ~ 100%, color fraction ~ 100%

o p— p— ¥
M/transparent pixel

[ — | Y/transparent pixel

white reflector

Figure 2.3: Schematic representation of different color systems. (a) Red-Green-Blue (RGB) color filters on top of
white-black switching pixels, result in a maximum reflection of 33% and a color fraction (the effective area over which
saturated color can be displayed) of also 33%, (b) Red-Green-Blue-White (RGBW) color filters add a white filter, increasing
maximum reflection to 50%, however at the cost of a reduced color fraction of 25%, (c) 3-layer Cyan-Magenta-Yellow
pixels with a white reflector yield an exceptional maximum reflection and a color fraction of 100%. This configuration is
mostly used in print media. Adapted with permission from Ref. [30]. Copyright (2011) Society for Information Display

Subtractive color systems such as CMY (cyan-magenta-yellow) or CMYK (cyan-magenta-yellow-
black) have traditionally been used in the printing industry, and usually employ a stacked architec-
ture that greatly enhances light conversion. An optimal white state and maximum color fraction, de-
fined as the effective area over which saturated color can be displayed[30], can be realized through
the incorporation of a tri-layered structure featuring CMY (cyan-magenta-yellow) switching layers in
the display system [31],[32]. At the same time, stacked displays increase costs and complexity be-
cause they require more materials, additional backplanes, and complex driving electronics. In addi-
tion, pixel resolution must be limited to maintain enough clear aperture, which helps reduce optical
losses and parallax problems. To avoid significant parallax issues, the distance between the front
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and rear pixels in a multi-layer stack should not be larger than the pixel size itself. This becomes
challenging when dealing with very high-resolution displays. It is clear that subpixels capable of
switching not only between more than two color states, offer the potential to develop single-layered
display systems capable of achieving 100% color reproduction[30].

2.1.4. Bistability

Once printed on paper, no further energy is required to see the image or text. ldeally, this should be
mimicked in reflective display technology. Bistability, a desirable feature for display devices, refers to
the ability to maintain image persistence in two stable states without requiring continuous energy.
This means that once the image or text is printed, it can be seen without the need for additional
energy.

2.2. Reflective Display Technologies

Reflective display technologies have been evolving since the 1970s, with the introduction of "Gyri-
con” at Xerox’s Palo Alto Research Center[33]. Over the years, numerous e-paper technologies
have been developed and can be broadly classified based on their tunability mechanisms. These
categories are shown in Figure 2.5, and encompass electrophoretic, liquid crystals, MEMS, elec-
trowetting, phase change, and electrochromic, as well as tunable photonic crystals.

Electrophoretic Liquid Crystal

=

e Tt

Tunable Photonic Crystals ;i . MEMS
Reflective Display
Technologies
Phase Change Electrowetting

& Electrochromic

EN

Figure 2.4: chematic visualization of the discussed reflective display technologies. Light manipulation principles across
these display technologies: LCDs - polarization; MEMS (IMod) - interference; Electrowetting and Electrophoretic -
absorptive media transport; Phase-Change - refractive index; Electrochromic - band-gap adjustment; Photonic Crystals -
diffraction.

In the following sections, we will delve into each actuation mechanism, discussing the fundamental
principles, implementations, and possible outlooks. By examining these technologies in detail, we
aim to provide a comprehensive understanding of the diverse e-paper landscape and its ongoing
developments.
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2.3. Electrophoretic

Electrophoresis describes the motion of charged particles relative to a fluid under the influence of
an external electric field. While the beginning of electrophoretic displays can be attributed to the
printing company Xerox, who was granted a patent on “Color Display Device” in 1971 [34], it was the
introduction of microencapsulation of the charged particles by Comiskey et al. [35] from MIT that
allowed this technology to mature to commercial readiness, resulting in the creation of the commer-
cial entity EInk. Despite its progress, the lack of video compatibility in electrophoretic displays is a
significant challenge for widespread adoption in mobile devices. This limitation triggered the ex-
ploration of innovative solutions, one of which has been the employment of total internal reflection
(TIR) modulation, allowing for a much-reduced particle traveling distance. The electrophoretic TIR
display has been commercialized by the company “CLEARInk Displays, Inc.” short for “Charged Lig-
uid Electro-Active Response”. CLEARInk Displays emerged as a separate entity from the University
of British Columbia in 2012 [36]. Both technologies are presented in the following sections.

2.3.1. Working principle

In general, an electrophoretic display operates by displacing charged pigments in and out of sight
using electrostatic fields. Equation 2.3 describes the particle velocity (with initial condition vq = 0).
The formula can be derived by equating the electric attraction forces acting on a charged particle
due to an external electric field with the fluidic drag forces counteracting the particle mobility, which
are given by Stoke’s law[37].

qF _Gmpd,

v = Gmyud (1 e m ) (2.3)

where v is the particle velocity, E the applied electric field, g the particle charge, u the fluid’s vis-
cosity, d the particle’s diameter, m the mass of the particle.
As can be observed from Eq. 2.3, the particle velocity, and thus the speed at which a single pixel can
switch state, is influenced by several factors. One of the key determinants is the particle charge. It
is most often deduced from the Zeta potential, which is a measure of the electrostatic potential dif-
ference between the fluid and the outer layer of the electrical double layer surrounding the particle.
This parameter provides a nuanced measure of the particle’s effective charge and its interactions
with the fluid. For low-dielectric media, it is proportional to the particle charge [38]. A high absolute
value of the Zeta potential ensures better dispersion of the particles, reducing aggregation and en-
hancing the display’s long-term reliability. Separately, it’s important to note the limitations imposed
by the applied electric field. Research efforts have been focused on reducing the required traveling
distance, reducing the electrode spacing, and improving the chemical properties of the system.

2.3.2. Implementations

Microcapsule electrophoretic displays utilize electric fields to move highly scattering or absorbing
microparticles vertically within a microcapsule. A multitude of those microcapsules forms one pixel
and monochrome or color systems can be developed.

Monochrome system

To this date, vertical dual-particle electrophoretic-based displays have been the most commercially
successful reflective display technology on the market. As can be seen in Figure 5, depending on
the applied electric field, different colored particles with either positive or negative zeta potential
are selectively moved to the surface, creating the desired image or text.
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(a) (c)

PART ONE
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Figure 2.5: Microcapsule electrophoretic display. (a) Schematic representation of an electrophoretic microencapsulated
black and white ink, wherein the displayed color is controlled by the polarization of the electric field and the resulting
vertical position of the charged nano-pigments. (b) Microscope image of microcapsules in a working prototype. Image from
Ref. [39], used under a Creative Commons Attribution 2.0 Generic (CC BY 2.0) license. (c) A photograph of the Amazon
Kindle e-reader tablet adapted from Ref. [40], used under a Creative Commons Attribution 2.0 Generic (CC BY 2.0) license.

White particles often consist of inorganic pigments, such as TiO,, ZrO,, ZnO or Al203, whereas
black particles are often made from Color Index black pigments, iron oxide, or carbon black [41].
These particles are dispersed in a non-polar fluid, which helps reduce leakage currents within the
display. Surfactants are added into the system to prevent particle agglomeration[42] and to aid par-
ticle charging [43]. To reduce switching voltage, a coating formulation[44] is deposited capsules in
a monolayer, allowing for close and thinner packaging of the microcapsules. In addition, it is found
that adding an oil-soluble high molecular weight polymer to the electrophoretic fluid increases im-
age stability to 12 days, and, importantly, without increasing the fluid viscosity [45]. In the initial stage
of electrophoretic display developments, a "flash reset” was necessary prior to rendering a new im-
age. This process involved resetting the positions of all particles to a uniform, known state, allowing
for a more predictable and reliable transition to the desired grayscale level in the subsequent im-
age. Using an algorithm[46] that stores the history of each pixel's switching for a certain amount
of time allows addressing 16 levels of grayscale without flashing. Parasitic polarization in the mi-
crocapsule polymeric binding material leads to a dwell time dependence[47]: the impulse required
to switch a pixel to a new optical state depends on the time that the pixel has spent in its previous
optical states. This issue has been greatly researched and resolved through careful selection of the
materials used[48], [49].

Color System
Color display for dual particle systems has been achieved through the addition of a color filter array
(CFA) as visualized in Figure 6a or multi-particle systems, visualized in Figure 2.6b.
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Figure 2.6: Color electrophoretic reflective display technology, based on (a) superimposed color-filter arrays. Image from
Ref. [50] with permission. (b) A multi-color particle system. Image from Ref. [51] with permission. (c) CFA-based device
“Inknote Color Plus on the left and “Bigme Galy” device on the right with a multi-particle system offering brighter colors [52].
The image is taken at the same location and same illumination, showcasing the increased brightness of multiparticle
systems. Image Ref. [53]. Copyright (2023) Good e-reader.

Different methods have been explored to create CFA, such as direct printing[54] or photolithogra-
phy[55] of a color resist, and laminated CFA films[56]. However, color filter arrays, such as RGB or
RGBW, use area sharing, where each full-color pixel consists of three, respectively four sub-pixels.
This method limits the display area for each color, leading to suboptimal brightness levels. Further-
more, the implementation of a color filter to divide monochromatic pixels into three colored pixels
inevitably leads to a reduction in the overall resolution.

To overcome these limitations in filter-based color electrophoretic displays, current research is ex-
ploring multi-particle systems. The key concept behind multi-particle systems is to make use of
different electrophoretic mobilities as well as charge polarity and intensity to separate the particles
[67]. Using waveforms, these particles are pushed and pulled to mix colors and produce specific
shades. The E Ink Spectra system uses black, white, and colored particles (either red or yellow).
For full-color displays, EInk's Advanced Color ePaper (ACeP) combines white with cyan, magenta,
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and yellow particles, enabling it to render up to 50,000 colors[51], akin to newspaper prints. Figure
6¢c compares two commercial displays using CFA (left) and a multi-particle system (right) under the
same illumination condition. The brightness difference is clearly perceived.

2.3.3. Improving switching speed of microencapsulated electrophoretic dis-
play device

Various studies have been carried out to improve the response time. One approach is to use low
viscosity[58] to increase electrophoretic mobility, however this deteriorates bistability. Other ap-
proaches focus on improving the driving waveforms[59], or on picture drawing algorithm based on
the content[60]. Yet another suggestion is to use the inverse electrorheological (IER) effect[61], es-
sentially reducing the viscosity briefly during the switching time. It was found that such an IER effect
can be induced by the rotation of liquid crystal molecules[62], briefly leading to some carrying hy-
drodynamic motion. Adding LC molecules leads to a 2.8 times reduction in response time and at
the same time cuts the applied voltage in half.

2.3.4. Total Internal Reflectance Electrophoretic Displays

TIR displays use total internal reflection for bright images and "frustrated” TIR for dark ones, achiev-
ing high contrast and fast visual changes. In TIR, light in one medium reflects internally when hitting
alower-index medium at a steep angle. Frustrated TIR happens when a third, higher-index medium
is close to the interface, letting some light pass or be absorbed. This technology was first reported
in 1997[63].

Working principle

For TIR electrophoretic displays, the switching mechanism is achieved through the movement of
charged particles in and out of the evanescent field[64]. To optimize the angular response, TIR
displays are constructed using hemispheres[65]. Charged electrophoretic absorbing particles are
hosted inside a liquid below the reflective hemisphere array. As depicted in Fig. 2.9, absorbing
particles are pulled out or into the evanescent field, allowing the light to be reflected or absorbed
respectively.
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Figure 2.7: Total internal reflection (TIR) electrophoretic display concept. (a) Schematic representation[43] of the working
principle, showing TIR reflection and frustrated TIR when the polarity of the applied electric field draws the absorptive
charged black particles into the evanescence wave field. (b) SEM image (left) of a fabricated reflection plane consisting of
spheres in an index matching layer, as well as an optical microscope image showing the reflection rings and dark areas of
normal incident light. Image Ref. [66] with permission

The phenomenon of Total Internal Reflection (TIR) occurs when light is incident upon an interface
from a high refractive index material n, to a low refractive index n, at an angle of incidence 6 that
exceeds the critical angle 6. given by the Eq. 2.4.

0. = arcsin (m) (2.4)
ni

For angles of incidence less than the critical angle, light is transmitted through the interface. Con-

versely, for angles of incidence greater than the critical angle, the light undergoes TIR and is re-

flected back into the first medium. As depicted in Fig. 2.9, upon normal incidence light, these
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hemispheres exhibit a bright reflective ring until the light's angle of incidence surpasses the criti-
cal angle, causing the hemisphere’s center to reflect less light. It can be shown (see Appendix A.2)
that for normal incidence, the reflection is given by Eq. 2.5.

2
R—1- (Zf) (2.5)

In practice, the said hemispheres are formed from high refractive index nano-composite material
(n1 ~ 1.9) and low-index adjacent medium such as Fluroniated hydrocarbon (n, ~ 1.2) normal inci-
dence reflections on the order of ~ 60% can then be expected.

The size of the hemispheres can be made as small as 2um in diameter. This reduces the device
thickness and, thus the required travel distance for the absorbing nanoparticles, yielding higher
switching time and reducing energy consumption, as well as easing the material constraints with
respect to the material attenuation coefficient. Color displays are achieved by incorporating CFA
on top of the microsphere array, as depicted in Fig. 2.8.
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Figure 2.8: TIR electrophoretic color display. (a) Schematic of TIR display with an RGB color filter array; greenisin a
reflective state, whereas red and blue are in the absorptive state, (b) a picture of a tablet implementing this technology.
Adapted with permission from Ref. [67].

CLEARInk released a number of working prototypes, for example at SID 2019[67] a 9.7” diagonal
eTIR display demonstrating video and color capabilities including grayscale (see Fig. 2.8b), show-
casing a very small power consumption of merely 0.029 mJ/cm?.

2.3.5. Outlook

The main challenge of microcapsule electrophoretic displays is the switching speed. The response
time is usually as long as hundreds of milliseconds[68] . This limits the application to static or slow-
moving images. Current challenges for TIR electrophoretic are mostly related to commercial scala-
bility, as well as improving the color gamut, video speeds, reducing ghosting, and the general relia-
bility of the device. A potential long-term issue for TIR-based reflective displays is that they cannot
operate in transmission by design. Thus, this makes a stacked CMY(K) pixel design difficult and
ultimately limits the potential for achieving high color saturation/brightness.

2.4. Liquid Crystal

Backlight liquid crystal displays make up most of commercially available emissive displays, and
at the same time presented one of the first reflective display technologies. LCDs were first sug-
gested for display applications in 1968 at the International Liquid Crystal Conference in Ohio. The
prototype presented by George Heilmeier of RCA [69] generated substantial interest and triggered
the start of LCD developments for many industrial companies. The next crucial step towards a ro-
bust, "television-ready” LCD was the invention of the Twisted Nematic display (TN-display) by Mar-
tin Schadt and Wolfgang Helfrich in 1970[70]. The TN principle and technologies derived from it
remain one of the central foundations of most LCDs to this day. However, one of the challenges
has been their continuous power consumption to maintain an image. This led to the exploration of



2.4. Liquid Crystal 17

more power-efficient display technologies. A significant breakthrough came in 1994, when Yang et
al.[71] demonstrated that by dispersing a polymer in cholesteric liquid crystals (ChLCD), or using a
cell with inhomogeneous surface anchoring, resulting in longiterm bistability. This bistable property
enables the liquid crystal molecules to maintain their original orientation for a long time even after
the electric field is removed, greatly reducing power consumption for static images. Both Twisted
Nematic and Cholesteric LCD technologies are presented in the following sections.

2.4.1. Twisted-nematic Liquid Crystal Displays

Working Principle

The TN-cell[72] is the most basic LCD technology, consisting of a liquid crystal sandwiched between
two crossed polarizers and a reflective layer on the backside. The first polarizer in this setup polar-
izes incoming light in one direction. When turned off, the liquid crystal rotates the polarization of
the traversing light by 90°, allowing it to pass through the second polarizer and be reflected on the
backside mirror. When the liquid crystal is turned on, the incoming light’s polarization is no longer
rotated and is blocked on the second polarizer (see Figure 9a).
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Figure 2.9: Reflective TN display: (a) Schematic representation: Unpolarized light first passes through Polarizer A, where it
is linearly polarized. In the OFF state, the liquid crystal rotates this polarization by 90 degrees, enabling it to pass through
Polarizer B and reflect off the back-reflector. In the ON-state, polarization isn’t rotated, hence it’s blocked by Polarizer B.(b)
Early twisted nematic LCD prototype 1972. Adapted with permission from Ref. [73]. Copyright (2018) Springer Science and
Business Media LLC

Polarizer-based liquid crystal technology can attain a maximum reflectivity of 50% since a polarizer
filters out half of the unpolarized ambient light.

Implementation

TN-cell-based reflective LCD is not bistable by nature. Memory-in-pixel (MIP) technology is often
employed to reduce power consumption[74]. MIP designates the technology of integrating static
random-access memory (SRAM) circuits into every pixel unit, effectively holding the voltage until a
pixel state needs to change. To further reduce energy consumption, it is suggested to only refresh
the rows and lines of the display that need to display movement [75]. As MIP LCDs are fully digital
displays compared to conventional analog active-matrix LCDs, attaining grayscale values is more
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challenging. In terms of optical characteristics, light diffusion methods must be included in a reflec-
tive LCD to avoid a mirror-like look. Such diffusion can either be achieved through the addition of
scattering back electrodes or top diffuser films.

Outlook

TN-cell-based reflective LCD has an economic advantage over other technologies as they can di-
rectly leverage the decades of emissive LCD manufacturing. MIP displays allow the reduction of
power consumption significantly, but they also limit the range of available colors and grayscale. This
is due to the intrinsic limitations in the amount of memory at each pixel site (bit depth), which in
turn determines the number of colors that can be displayed. Currently, 6-bit color memory-in-pixel
panels, 3-bit and 1-bit black-and-white panels are usually commercially available, restricting these
displays to a smaller color palette (max. 64 here) and fewer grayscale levels. Finally, white state
reflectivity is still limited to within 7- 18% in commercial displays[76].

2.4.2. Cholesteric Liquid Crystal Displays

The terminology "cholesteric” was first introduced in the scientific community by Georges Friedel in
1922[77], recognizing the initial identification of this particular state of matter within cholesterol es-
ters by Friedrich Reinitzer in 1888[78]. Subsequent to this initial discovery, instances of cholesteric
liquid-crystalline states have been reported in a variety of substances that bear no inherent connec-
tion to cholesterol.

Working Principle
Cholesteric refers to a phase of the liquid crystal where the molecules are arranged in layers with a
helical stacking pattern. For normal incidence the reflected wavelength is given by[79], [80]:

Ao = nepcos(6) (2.6)

where n, is the average refractive index, p is the helical pitch, and 6 is the angle between the helical
axis and the direction of propagation.

As can be seen from Eq. 2.6, reflectivity is concentrated around a specific central wavelength. Con-
sequently, wavelengths deviating from these central peaks contribute less to the total reflectivity,
leading to an overall decrease. The bandwidth of the cholesteric reflection is given by:

AN = Anp 2.7

where A is the birefringence of the liquid crystal and p is the pitch. The liquid crystal molecules
have an inherent electric dipole moment. By applying an electric field, these molecules experience
atorque, causing the liquid crystal molecules to align along the field direction. This alignment alters
the pitch p, thus tuning the reflected wavelength \,. The key advantage of cholesteric liquid crystals
display is their bistability, with two textures at zero electric field: the reflective planar and the non-
reflective focal conic. Here, 'texture’ refers to the macroscopic molecular arrangement, as shown
in Fig. 2.10a.

Upon normal incidence, a cholesteric liquid crystal surface reflects the component of the light that
is circularly polarized in the same handedness as the CLC, transmitting the other component, and
thus cannot reflect more than 50% of unpolarized light[81]. At oblique incidence, the reflected or
transmitted light becomes elliptically polarized.

The brightness can be significantly increased by using a stack of two cells with opposing helical
twists. Each cell reflects light with a specific handedness of circular polarization. The first cell lets
through the light of one handedness, which is then reflected by the second cell, enhancing the
display’s brightness. Defects in the cholesteric crystal structure lead to scattering and non-ideal
reflection conditions. This can be improved using rubbed contact surfaces. "Rubbed” refers to
surfaces that have been mechanically treated by rubbing them in a specific direction to align liquid
crystal molecules. This rubbing process induces an alignment of the liquid crystal molecules along
the direction of the rubbing, which helps to minimize defects in the cholesteric structure. As a result,
this treatment has been shown to yield an increase in reflectivity up to 70%[82](see Fig. 2.10c).
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Implementations

A single pixel (Fig. 2.10a) in a cholesteric reflective display is made up of a cross-section of multiple
layers, each of which contributes distinct capabilities to the pixel's overall functioning. The topmost
layer is a glass substrate that provides the pixel with physical structure and protection. Directly
behind this is a layer of Indium Tin Oxide (ITO), which acts as a transparent, conductive layer, allowing
electric fields to be applied across the pixel. The pixel’'s core layer is made of cholesteric liquid
crystals. This layer’s properties change in reaction to applied electric fields, allowing it to selectively
reflect light with a specified circular polarization, or “handedness” and transition between various
states, resulting in the display’s brilliant and dark appearances.
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Figure 2.10: Bistable cholesteric reflective display design and examples. (a) The schematic design of a bistable cholesteric
reflective display. Images from Ref. [83] with permission, illustrating the layered composition and functional elements. (b)
exemplary reflection spectrum of said cell showing the reflection bandwidth A\ and central wavelength )\ [83], (c) 2-layer
stacked cell with and without surface treatment (rubbing) to improve reflection. (d) 7.5-inch full-color ChLCD display, Image
from Ref. [84]. Copyright (2023) AUO. (e) A flexible cholesteric display, demonstrating the technology’s adaptability and
potential for diverse applications. Image from Ref. [85] with permission.

A spacer separates the cholesteric liquid crystal layer from the bottom ITO layer. This spacer guar-
antees proper layer alignment and separation, which is crucial for preserving the liquid crystal’s ori-
entation and operation, since upon exerting shear stress on a cholesteric film, such as through sub-
strate pressing, the system readily transitions back to the slightly more energetically stable planar
texture[86]. The bottom ITO layer performs the same function as the top ITO layer, completing the
pair of electrodes required to alter the state of the cholesteric liquid crystal layer. An absorption layer
is often put directly beneath this, typically with black paint. When the liquid crystal is in the focused
conic state, this layer absorbs forward diffracted and scattered light, improving the pixel’'s contrast
and overall display performance. For display applications, the image needs to be temperature in-
variant. Since most cholesteric materials are temperature dependent[87], [88], much research has
been dedicated to solving this issue, such as using dopants that show opposite changes in helical
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twisting behavior with temperature to effectively cancel each other’s influence[89]. Another impor-
tant technological challenge is the peak wavelength on the incident angle, as can be seen from
Eq.2.6. This dependence can be eased by integrating a diffuser film[90], and thus broaden the
distribution of reflection angles, albeit at the expense of peak reflectivity. Recently, AU Optronics
Corporation (AUO) has started to roll out reflective colorful ChLCD displays as shown in Fig. 2.10d.
Figure 2.10e shows a flexible prototype by Kent Displays.

Outlook

Reflecting, and bistable cholesteric liquid crystal displays have been commercially accessible. These
devices have evolved with features like increased luminosity, multi-color output via stacked layers,
and high-contrast monochrome display from a single layer. Their current limitation is the switching
speed which usually lies in the order of a second[91] limiting the potential applications in mobile
devices.

2.5. Micro-Electro-Mechanical Systems (MEMS)

MEMS-based systems enable rapid, reversible, and often low-power geometric reconfiguration.
These trademarks make them well-suited for reflective display technologies. Digital micro-mirror
devices (DMD) have shown wide adoption in projection systems through the commercialization of
micro-mirror arrays that pivot to modulate light [92]. Pixtronix’s digital micro-shutter technology is
an experimental emissive direct-view display that uses laterally translating shutters for light mod-
ulation [93]. By eliminating inefficient optical components, the Pixtronix MEMS-based shutters
achieve over 50% optical transmission efficiency and reduced power consumption compared to
LCDs. However, the technology has seen limited commercial adoption. However, MEMS-based di-
rect view displays have not yet hit a wider market despite significant research efforts, most notably
by Qualcomm with their “Mirasol” project, an interferometric modulators (IMod) display, originally
introduced by Mark Miles in 1997[94]. Despite Mirasol not achieving the expected commercial suc-
cess, MEMS-based direct-view displays continue to intrigue.

2.5.1. Interferometric Modulator Display (IMod)

Each sub-pixel of an IMod consists of a Fabry-Perot etalon composed of a movable metallic mirror
and a semitransparent glass upper layer (see Fig. 2.11a). When light falls on the glass, it is split into
two beams, with one beam reflected on the glass and one on the metallic surface. The traveled dis-
tance difference between the two beams results in a phase shift that affects the interference pattern
of the reflected light. Tuning the gap between the glass and metallic layer changes the phase shift,
and thus the wavelength at which constructive interference occurs. This sets the perceived color
of the individual sub-pixels.
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Figure 2.11: Schematic drawing of the interferometric modulator (IMod) concept. Incoming light strikes a semi-transparent
layer, where it is partially reflected and partially transmitted into a resonant cavity. Within this cavity, the light undergoes
multiple reflections between the layers. Outgoing light of a specific wavelength then constructively interferes with the
incoming light, leading to the color perception of that element. This process allows for precise control over the displayed
color by tuning the gap g between the layers

For the most simplistic IMod, which consists of a single layer with a reflective backplane, the gap (g)
to enhance a specific wavelength \ is given by Eq. 2.8.
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m—
cos(0)2n
where mis aninteger (1,2, 3,...) and n is the refractive index of the medium between the layers, and

0 is the angle of incidence. For normal incidence ¢ = 0 and considering air n = 1 as a medium, Eq.
2.8 simplifies to:

g= (2.8)

A
g=m) (2.9)

To create black, the gap g is reduced such that the reflected wavelength maxima is moved outside
the visible spectrum and absorbed within a thin film within the stack. This is accomplished through
electrostatic actuation, essentially collapsing the metal membrane onto the thin film stack. To avoid
failure due to stiction in the collapsed state, stiction bumps are introduced[95]. In real devices,
multiple layers might be used, in such cases, it is advised to refer to the transfer matrix method to
compute the reflected color.

Implementations

Figure 212 shows the concept and full-scale realized tablet prototype of a Mirasol Qualcomm display.
Each pixel can switch between a reflective colored state and an absorptive black state, where the
initial gap of the subpixel cavity controls the reflected wavelength.

(b)

Figure 2.12: The IMod architecture and full-sized display prototype. (a) Schematic drawing of a pixel element showing the
on (color) and off (state) [96]; (b) Picture of a prototype tablet utilizing the Qualcomm Mirasol. Image from Ref. [97], used
under a Creative Commons Attribution-NonCommercial-NoDerivs 2.0 Generic (CC BY-NC-ND 2.0) license.

As can be deduced from Eq. 2.8, interferometric modulators possess by design an inherent property
of incident-angle sensitivity, resulting in observable variations in perceived colors dependent upon
the angle of incidence. Figure 2.13 shows a Mirasol display at different angles of incidence. One
can clearly perceive the color shift in Fig. 2.13a, when observing from 10 degrees or 40 degrees. To
mitigate this issue, a diffuser can be introduced on top of the IMod pixel array[98], as depicted in
Fig. 2.13c.
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Figure 2.13: Off-axis viewing examples: (a) camera directed at 10° off surface normal, 20°, and 40°. Image from Ref. [99].
Copyright (215) Optica. (b) Schematic view of a Qualcomm Mirasol display unit, including, in particular, a front-facing
diffuser film to reduce angle dependence. With permission from from Ref. [100]. Copyright (1999) Society of Photo-Optical
Instrumentation Engineers (SPIE).

As mentioned in the previous section, the initial height of the IMod sub-pixel defines the reflected
wavelength. However, as in all reflective display technologies, the use of a horizontal RGB will lead
to suboptimal contrast due to area sharing, which reduces the white state reflectivity. Thus, an inno-
vative single-mirror continuously tunable pixel design was also proposed, that uses interferometric
absorption[101], instead of reflection. In this case, color regulation is achieved using interferometric
absorption (see Fig. 2.14a). Incoming light, interfering with reflected light, produces standing waves
with varying peaks and nulls based on the light spectrum. By strategically placing a thin absorber
at a null for a specific wavelength, selective non-absorption allows reflection of that spectral com-
ponent. All other wavelengths are absorbed, resulting in a saturated color reflection. Figure 2.14
displays the reflected color as a function of the absorber-mirror gap. In practice, the mirror is mo-
bile, while the absorber is fixed on the substrate. This essentially allows each pixel to be modulated
over the entire visible spectrum as can be seen in the zoomed-in picture of Fig. 2.14, drastically
increasing the reflectivity.

(@) (b)
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Figure 2.14: Interferometric absorption-based continuous color tuning: (a) Schematic illustrating the principle of color
regulation through strategic placement of absorbers in standing light waves; (b) Implementation in a device, with an inset
showcasing the capability to modulate individual pixels across the entire visible spectrum, enhancing reflectivity. With
permission from Ref. [101]. Copyright (2017) Journal of Microelectromechanical Systems.

Inrecent years a graphene membrane-based interferometric modulator (GIMOD) was proposed[102],
potentially allowing for refresh speeds of up to 400 Hz and 5 um pixel resolution, which translates
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roughly into a smartphone with a 12K display resolution, which would be a 20 times increase in
resolution compared to typical phone resolution (QHD, 2560x1440 pixels). Current designs of Gl-
MOD are fabricated using graphene-covered micro-holes, essentially creating a voltage-controlled
graphene micro-drum, where the initial cavity and the subsequent deflection of the drum control
the reflected wavelength. This allows analog control over the pixel’s color, yielding continuous
full-spectrum reflective-type pixels. Simulations show a contrast ratio of 1:3 utilizing 29 layers of
graphene. For vibrant reflective displays, this number must be increased by at least 3 times. Never-
theless, the high frame rate, resolution, and full-spectrum pixel are promising avenues.

Outlook

MEMS-based IMod reflective displays have been developed[103] to fully functional prototypes with
impressive optical characteristics, such as 80% white state reflectivity and contrast ratios reach-
ing 1:30[99], as well as providing fast switching times of 120 Hz[101] allowing for full video playback.
As with any movable structure in the microscale, hermetic sealing and packaging become very im-
portant for the longevity of the device. Gas-impermeability of graphene might ease the packaging
constraints for GIMOD devices, however, their contrast ratio of 1:3 needs to be improved.

2.5.2. Other MEMS-based reflective display technologies

Hereafter, two further early-stage MEMS-based potential reflective display technologies are briefly
introduced. Both approaches still need substantial developments to move from early-stage demon-
strators to large-scale production.

Mechanical Light shutter

A mechanical light shutter functions by actively introducing an object into and out of the light’s tra-
jectory, casting a shadow on an absorptive or reflective layer[104]. Such implementations can be
observed in F. Jutzi et al. work[105], [106]. Figure 2.15 demonstrates the utilization of micro-flaps to
alternate between a reflective state (flaps raised, producing a white pixel) and an absorptive state
(flaps lowered, resulting in a black pixel). To optimize the contrast ratio, the anchoring system of the
flaps should take as little visible area as possible, thus a good balance between flap size and anchor
needs to be found. Increasing the size of the flaps comes with drawbacks such as slower switching
speeds, reduced pixel density, and potentially compromised reliability. Nevertheless, this design
offers the possibility of excellent contrast ratios.

(a) (b)

light absorbing layer

Figure 2.15: Micro-mechanical light shutter. (a) Schematic of the actuation method and (b) optical microscope image of
the final prototype device[106]. The applied voltage was 135 V. Images with permission from Ref. [105]. Copyright (2010)
SPIE Proceedings

2.6. Electrowetting

Electrowetting describes the act of applying an electric potential to modulate surface wettability.
This phenomenon has found numerous applications in microfluidic devices[107] and varioptical
lenses [108]. In 2002 Robert Hayes and Bokke Feenstra from Philips Research filed a patent[109]
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and published[110] their results one year later, in which they demonstrated a video speed response
time optical switch to be utilized in display systems, highlighting the potential of such systems. As
with many reflective display innovations, the main motivation was to propose a video-capable solu-
tion. The key idea behind electrowetting-based reflective displays is colorant transport in and out
of a light path by expanding and retracting colored liquids within a pixel unit. Similar to the Mirasol
display, substantial research efforts by Philip’s spinoff Liquidvista, later owned by Amazon and then
Samsung, never fully substantiated into a commercial product.

2.6.1. Working Principle

The Young-Lippmann’'s equation[111] captures the electrowetting phenomenon in its most basic
form. It describes how the contact angle of a conductive liquid changes in response to an applied
voltage between a liquid and an isolated substrate.

Ccv?

cos(f) = cos (6y) + (210)
where 6 is the contact angle after applying the voltage V, 6, is the initial contact angle, C is the
capacitance between liquid and substrate, thus it depends on the insulation material (%) Finally,
~ is the interfacial tension.

In most electrowetting-based pixels, two fluids coexist. The first is usually an insulating oil ink. The
second is a conductive transparent liquid electrolyte, such as Dl water. At equilibrium, the colored oil
film lays between a hydrophobic insulator coating of an electrode. With the application of potential,
the stack becomes no longer energetically favorable, resulting in the water displacing the oil while
reducing its contact angle from 6, to 8 with respect to the hydrophobic layer, as can be seen in Fig.
2.16a. The colored oil film can essentially be opened and closed like a curtain.
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Figure 2.16: Electrowetting display mechanism: (a) Schematic of a unit pixel cell demonstrating the transition between
expanded and contracted oil states, indicative of the 'curtain-like’ movement of the colored oil film modulated by potential
application; (b) Actual device implementation showcasing the technology in practice. Image from Ref. [112] Video The
Electrowetting Display IEEE Spectrum YouTube channel.

The oil displacement happens in different stages[113], namely oil film rupture (initiation stage), oil-
dewetting, and finally a slower oil drop rearrangement stage. A threshold voltage is heeded for the
initial oil rupture. Charges accumulate at the interface between oil and water when electricity is ap-
plied, creating pressure and causing the oil to undulate due to Rayleigh-Taylor instability[114]. As
these undulations increase, the water ultimately breaks through to the dielectric substrate, result-
ing in athree-phase contact line. Due to the induced change in contact angle by electrowetting, the
water then forces the oil to one side. The reverse mechanism or receding process is more straight-
forward, with the oil re-wetting the hydrophobic surface as the water retracts.

2.6.2. Implementations

Electrowetting-driven reflective pixels pose several challenges that need to be addressed for reli-
able operations and increased optical performance. For instance, the contrast between covered
and uncovered states often referred to as “white area fraction”, or “aperture”, needs to be maxi-
mized. Naturally, the colored oil cannot completely disappear from the light path. In the retracted
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state there will still be some fraction of the pixel that will display the colors of the oil. This fraction
depends on the pixel size and oil film thickness. Figure 2.17a depicts the relation between pixel size
and aperture for different oil thicknesses. The fraction is computed by assuming a hemispherical
sphere oil droplet in the contracted state hosted in a rectangular pixel. Using volume conservation
between expanded and contracted oil, the surface fractions can be easily computed.
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Figure 2.17: Electrowetting challenges. (a) Relationship between pixel size and aperture across different oil film
thicknesses. In smaller pixels, thicker films decrease the visible white/transparent area. However, thinner films let more
light through, which can lower the contrast. (b) Optical Microscope images showing contact angle hysteresis[115]. Adapted
with permission from Ref. [115] under CC BY 4.0 DEED. Copyright (2021) Frontiers in Physics

One can observe that for pixel sizes below 40um and 5um oil thickness, the aperture drops be-
low 50%. Thus, to increase display resolution, thinner oil thicknesses are needed. To minimize
light bleeding through, oils with higher molar extinction coefficients are thus more desirable. An-
other challenge to overcome is contact angle hysteresis (CAH). CAH is a well-known physical phe-
nomenon in electrowetting. It is defined as the difference between the advancing contact angle and
the receding contact angle observed at the same voltage. Figure 2.17b illustrates an example where
there is an aperture discrepancy albeit with the same final applied potential. Increasing the voltage
from O to 20 V yields a smaller aperture than decreasing the voltage from 30 V to 20 V. CHA makes it
more challenging to control precise gray levels in electrowetting displays. CHA has been attributed
to random pinning forces, which are caused by surface heterogeneities at smaller scales[88]. These
forces can be successfully reduced utilizing an increasing alternating voltage scheme[116] leading
to sufficient vibrational energy to overcome the pinning forces.

Finally, it is also important to account for the so-called “Backflow Problem”. In electrowetting sys-
tems, a dielectric material is used to separate the conducting electrodes from the liquid. When
applying a potential to the system charge trapping can occur in the dielectric layer. These remain-
ing charges can cause the fluid to flow back, even when a constant DC voltage is applied. Charge
trapping significantly impacts the stability of electrowetting-based devices. Asymmetric alternative
polarity driving schemes[117] are said to reduce charge trapping. In essence, any remaining trapped
ions are removed by applying a reset pulse, a small voltage drop with opposite polarity at the signal
termination point.

2.6.3. Outlook

Electrowetting-based displays have undergone excessive research and development both in the
commercial industry as well as in academic research. Despite their potential for color and video
reflective display technology, this innovation never ventured beyond proof-of-concept prototypes.
Manufacturing difficulties such as proper sealing and longevity under varying conditions might have
been the cause. Moreover, with advancements in display technology, particularly in terms of resolu-
tion, electrowetting displays have become less competitive in terms of image quality since oil thick-
ness and pixel size are tightly linked. Nevertheless, electrowetting technology remains a promising
area of research with potential applications in areas such as e-readers, smart glasses, and flexible
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displays. Current efforts are focused on low-power sunlight-readable electronic billboards, as this
application is less stringent on display resolution.

2.7. Electrochromic

Electrochromism refers to the phenomenon where a material’s optical properties - transmittance,
absorbance, or reflectance - can be reversibly and semi-persistently modified under the application
of an electrochemical potential difference. The word “electrochromism” was first introduced in 1961
by J. R. Platt[118] upon his findings that the absorption and emission spectrum of certain dyes could
be shifted by applying an electric field. Eight years later, the use of electrochromic materials for
display applications was suggested by S. K. Deb[119]. Already then, the slow switching speed was
noted as a potential challenge. To this day electrochromism has been utilized in various applications,
thatdo notrequire fast switching, most notably in smart windows, first reported by Granqvist and Carl
M. Lampert Kim in 1984[120], [121], as well as auto-dimming rear-view mirrors[122], [123]. Further
applications are protective eyewear[124], [125], or adaptive camouflage[126], [127].

2.71. Working Principle

The core principle of electrochromic materials is their ability to change their absorption bandgap,
by adding or removing electrons through redox reaction. Electrochromic materials can most often
be switched between a transparent (“bleached”) state and a colored state, or between two colored
states. Polychromic materials may exhibit several colors[128], [129]. The primary mechanisms to
achieve a change in electron state are redox reactions, either directly induced or through ion inter-
calation. The specifics depend on the type of electrochromic material.

2.7.2. Implementations

Electrochromic materials can generally be classified according to their solubility[130] , leading to
different device architectures as depicted in Figure 2.18.

Type | EC materials remain soluble in both their reduced and oxidized states. Examples include vio-
logen and heptyl. In device architectures, these materials often have their electrochromic species
dissolved directly within an electrolyte, which is sandwiched between two transparent conductive
oxide (TCO) substrates. While the fabrication of such devices is relatively straightforward, a critical
challenge arises in ensuring the sealing of the devices to avert potential electrolyte leakage. Fur-
thermore, there is an inherent requirement for a continuous supply of current or voltage to uphold
their redox states, which could lead to increased energy consumption.

Type Il EC materials remain soluble when in their colorless redox state but transition to form a solid
film upon the electrode surface when subjected to specific conditions. Devices leveraging Type Il
materials integrate a redox mediator in the electrolyte, acting as a counterbalance during the redox
reactions. This interaction, although promising, does have its challenges. A significant one is the
"loss current”, a consequence of the direct contact between the redox electrolyte and the EC layer.
However, innovations, such as electronic barrier layers[131] or catalytic IrOy layers[132], provide po-
tential solutions to this challenge.

Type lll EC materials stand apart due to their inherent solidity in both redox states. This means
they consistently form an insoluble film on the electrode surface. The gamut of Type Ill materials
is extensive, comprising groups IV, and V transition metal oxides, conductive polymers, Prussian
blue, and certain metal polymers. In device configurations, these materials typically feature in thin-
film "battery-like” setups. Such a device incorporates two substrates coated with transparent con-
ductors, an electrochromic layer, and another layer designated for ion storage or as an additional
electrochromic layer. The addition of an ion-storage layer with ample charge capacity ensures a
complete and effective color transition, resulting in a device that boasts impressive electrochemi-
cal stability.

In practical applications, particularly when considering reflective displays, Type lll often emerges as
the preferred choice, thanks to its inherent stability and enhanced optical properties.
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Figure 2.18: Electrochromic display. (a) Schematic diagrams of three types of Electrochromic Devices are shown: A) Type |,
which operates in a solution phase; B) Type Il, a hybrid system; and C) Type Ill, also known as the 'battery-like’ ECD. Kt
represents cations which could be Li+ or HT, and A~ represents anions, for instance, CIO;, Cl—, BF;, or PFg. Images
adapted with permission from Ref. [130] under CC. Copyright (2020) Chemistry Europe.

Electrochromic materials transition from a neutral to an "excited” state during redox reactions, chal-
lenging the development of bistable electrochromic devices (ECDs) as they tend to revert to their
stable, lower-energy states. This reversion diminishes the longevity of the desired optical state.
To counter this, proton-coupled electron transfer [133] and bond-coupled electron transfer [134]
have been implemented. These methods avoid the formation of high-energy intermediates. Such
intermediates can destabilize the material, reducing its effective life and performance. Electrode
materials are fundamental in electron transfer processes. They require meticulously designed en-
ergy levels (Fermi levels) that synchronize with those of electrochromic materials. Proper alignment
ensures efficient electron transfer and minimizes reverse transfers [135]. Metal dendrites, irregu-
lar tree-like structures, can form on electrode surfaces. Their presence disrupts the uniformity of
the electron transfer, leading to inconsistent color transitions. To combat this, copper ions have
been integrated into bismuth-based systems. The copper ions oxidize bismuth atoms, creating a
smoother, spherical morphology. This morphology reduces the chance of dendrite growth, ensur-
ing a consistent electron transfer and uniform color change [136]. For enhanced device responsive-
ness, multivalent ions, like A3t are incorporated into tungsten oxide WO, materials. These ions
facilitate rapid and reversible ion insertion/extraction [137]. The increased electrostatic forces be-
tween ions lead to an accelerated electron transfer, improving device response time. To diversify
the color palette and fasten switching, electrochromic materials are paired with metasurfaces, in-
cluding Fabry Perot cavities [138], [139] and metallic nanoslits [140]. These metasurfaces induce
structural colors and optimize charge-diffusion characteristics. The result is a broader color spec-
trum and reduced switching times.
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Figure 2.19: Multi-layered, full-color reflective electrochromic pixel. (a) Schematic representation of a unit and (b) a
photograph depicting a full-color, flexible, active-matrix-based implementation of the display design. Images from Ref.
[141] with permission.

Innovative pixel designs have emerged, utilizing both lateral and vertical configurations[142], [143].
Examples include Urano et al.’s three-layered CMY ECD [144] and RICOH'’s full-color, flexible matrix
display (see Fig. 2.19). These leverage vertically stacked electrochromatic elements. Such stacking
allows for brighter color displays, while their flexibility enhances device adaptability[145].
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2.7.3. Outlook

EC displays offer numerous benefits: they are inexpensive, low-power, insensitive to viewing angles,
and capable of semi-bistability. While electrochromism has already been commercially successful
in smart window and glare-reduction applications, commercial displays are still limited to simple
monochromatic segmented displays. Continued research and development in electrochromic ma-
terials and device architectures are essential to unlock their full potential and drive advancements
in particular concerning switching speed, which currently lies around 0.8Hz[91]. Innovations such
as the introduction of PEDOT nanotube arrays have shown promise in achieving ultrafast switching
speeds compatible with moving-image display technology, suggesting that continued innovation
in material science could overcome existing limitations in switching speeds and pave the way for
more versatile electrochromic displays[146].

2.8. Phase Change

Phase-change materials exhibit reversible transitions between amorphous and crystalline phases
in response to an external stimulus, such as heat, light, or electrical current. Concurrently, varia-
tions in physicochemical attributes are observed, encompassing alterations in optical absorbance,
and electronic conductance [147]. The phases can be switched very fast, typically 300 ns for GeTe
[148], 50 ns for Ge,Sb,Tes, 40 ns for GeSb,Te4, and 30 ns for GeSb4Te; [149]. Thus, phase-change
materials (particularly the germanium antimony tellurium alloy Ge,Sb,Tes ) have been greatly used
in information storage devices since the 1960s [150], for instance in optically re-writable DVDs
(DVD-RAMSs) [151], or non-volatile resistive based electronic memories[152]. Hosseini et al. [153]
pioneered the idea of utilizing nanometer-thin phase-change materials and transparent conduc-
tors to generate color-switchable reflective pixels, based on an incident angle-insensitive strong
interferometric modulator [154]. Due to their solid-state nature based on phase change materials,
this type of display technology has been introduced as Solid-State Reflective Display (SRD). Due to
limitations with electrical addressing, discussed in the following section, the previously mentioned
switching times can however not be obtained with current display designs. Nevertheless, the fact
that this technology does not require any moving parts makes it especially interesting from a manu-
facturing point of view, as devices could be made using conventional standard vacuum sputtering,
bypassing the requirement for sophisticated encapsulation.

2.8.1. Working principle

The material science behind phase change is complex. It has been shown that the switching from
crystalline to amorphous state when directly applying current, occurs due to rapid heat-induced dis-
location nucleation, electrical wind force transport, and eventual jamming in the crystal, which leads
to amorphization [155]. In contrast, the amorphous-to-crystalline transition occurs by heating the
material above its crystallization temperature. Upon cooling down, the atoms reorganize into a crys-
talline lattice, resulting in a lower resistance state. The variations in optical properties arising from
these structural modifications can be further understood by examining the corresponding changes
in bonding strengths. It is found that the crystalline phase exhibits resonant bonding, whereas the
amorphous phase shows covalent bonding [156]. The greater degree of electron delocalization in
resonant bonding materials, as opposed to covalent bonding, can have a significant impact on the
optical characteristics of the material. The higher level of interaction between delocalized elec-
trons and incident electromagnetic waves produces specific absorption, transmission, and reflec-
tion characteristics, resulting in optical performances that differ significantly from materials having
localized covalent bonding. On a broader scale, individual phase-change-based pixel designs dif-
fer. However, the primary objective is to engineer a wavelength-dependent tunable resonance, that
is then tuned by the phase-change material, inherently altering the resonance conditions due to a
change of optical properties when switching from an amorphous to a crystalline state.

2.8.2. Implementations

When directly applying current to the switch state, the material undergoes a partial phase change
until a low-resistance pathway is established[157]. This pathway subsequently functions as a chan-
nel for the residual current, impeding a full-phase transition. This phenomenon is referred to as the
"filamentary switching issue” [157]. Utilizing nanoscale pixels can effectively reduce this issue. How-
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ever, addressing such a vast number of pixels individually and simultaneously presents a challenge.
The computational and energy demands of peripheral driving circuits for pixel addressing increase
considerably as the number of pixels increases [158]. Thus, alternative more homogenous switch-
ing methods need to be envisioned. To avoid the filamentary switching issue much effort has been
devoted to the design of decoupled micro-heaters as a means to uniformly fully switch the phase-
change material[158], as shown in Fig. 2.20. A typical phase-change-based pixel structure is de-
picted in Fig. 2.20a. The SRD pixel consists of three primary layers. Notably an electronic substrate
directing drive signals to specific pixels, a microheater that converts electrical signals to uniform
thermal pulses, and finally an optical layer reflecting specific colors in stable PCM states via strong
interference effects.
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Figure 2.20: Figure 21 Microheater-based phase change display system. (a) Schematic of the SRD pixel structure (b)
microheater array, (c) the assembly comprising a mirror and thin-film interference stack, and (d) a microscope photograph
demonstrating a 24x24 pixel region being dynamically updated with a sequence of letters. Images with permission from
Ref. [158]. Copyright (2019) Society for Information Display

2.8.3. Outlook

Efforts to increase color saturation can be achieved by higher refractive index and lower loss mate-
rials than GST or GeTe, such as antimox trisulphide (Sb, S3) or antimony triselenide (Sb,Se;) [159].
While noticeable switchable color changes are possible, little has been demonstrated of producing
a black state, needed for a fully functional display. When switching phase, the real part of the refrac-
tive index GST material usually exhibits a change of roughly 1.5 to 2, while the absorption coefficient
can be altered by more than 3 [160]. Essentially, for a given pixel design, the resonance sensitivity
to a variation in optical constants needs to be increased for a black state to exist. In such a state
the resonance would need to be shifted outside the visible domain. So far this remains a challenge.
Furthermore, the use of microheaters severely limits the switching times. Frequencies of mere 2 Hz
are reported [158]. With approximately 100 mJ/cm? [160] microheaters also consume more energy
per frame than electrostatic-driven systems.

2.9. Tunable Photonic Crystal

The theoretical work of Yablonovitch [161] and John [162] serves as the foundation for the idea of
photonic crystal materials. Materials can be created to alter photon properties in a manner compa-
rable to how conventional semiconductor crystals alter electron properties. The propagation of light
waves through the substance can be controlled by periodically structuring the material. This makes
it possible to produce photonic band gaps, which are wavelength bands that cannot pass through
the substance. Since its early days, photonic crystals have been successfully applied in various ex-
amples, such as filters, sensors, solar cells, and recently into smart windows to regulate building
energy consumption [163]. Photonic crystals have emerged as an interesting technology for reflec-
tive displays due to their continuous color tunability, essentially avoiding the need for sub-pixelation
for display colors. This can lead to higher color purity and increased resolution.

2.9.1. Working principle
1D Photonic crystals colorful appearances result from interference and reflection. The wavelength
that is coherently scattered is centered on )\, and can be estimated by by the Bragg-Snell equa-
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tion[164]:

A= 2D (n2;; — cos(6))* (2.1)

where ) is the wavelength of the reflected light, n.; is the average refractive index of the photonic
materials, D is the diffractive plane spacing, and 6 is the Bragg angle of incidence.

Based on Eqg. 211 the different ways to alter the reflected wavelength can be inferred, namely by
modifying the three variables which are the diffractive plane spacing, the average refractive index,
or the Bragg incidence| angle.

2.9.2. Implementations

Most photonic crystal-based reflective pixels are based on acting on the inter-plane distance to
modulate the reflected wavelength. The key challenges are to find fast-switching methods as well
as ways to respond to the inherent angle incidence dependence of such photonic crystals, which
can be seenin Eq. 2.11.

For the most part, inter-plane distance variations are achieved in electrochemical swelling-driven
color change displays [165] or electrokinetic-driven reflective displays [166]. While crystalline struc-
tures have shown excellent color tunability, their practical application has been severely impeded
by their intrinsic angle dependency. It has been demonstrated [167], [168] that colloidal structures
that are made up of particles with sizes similar to optical wavelengths and exhibit short-range order
but lack lattice periodicity, exhibit independence of the incident angle. These systems [166], [169]
have therefore been seen as promising candidates for color-tunable reflective displays, albeit with
lower peak reflectivity values of generally around 25 - 30 % (see Fig. 2.21c).

(@) ®)
50 uml
© @

Reflectance (%)

400 500 600 700 800 | 2 3
Wavelength (nm) Applied Voltage (V)

Figure 2.21: Photonic display pixel. (@) Schematic design of the photonic display pixel. (b) Photographs at varying bias
voltages: 1.0V, 2.5V, and 4.0 V. (c) Reflection spectra recorded at increasing bias voltage levels. (d) lllustrates the 165 nm
shift of the photonic band position from 655 nm to 490 nm, governed by the applied voltage. Images from Ref.[166] with

permission.

2.9.3. Outlook

Switching times of approximately 50 ms [166] have been documented in tunable photonic crystals,
which, although not yet suitable for video applications, demonstrate potential forimprovement. One
possible approach to enhance the switching speed is through the employment of lower-viscosity
liquids, which may facilitate a faster response time. Furthermore, the trade-off between angle-
independence and color intensity presents another challenge. While amorphous photonic struc-
tures have shown reduced angle independence, they also exhibit reduced peak reflectivity and less
vibrant colors. This is due to the incoherent scattering events caused by their disordered arrange-
ment, resulting in weaker constructive interference and diminished color intensity. Hierarchical pho-
tonic structures [170], [171] have been proposed to produce both angle-independent and bright col-
ors, but further investigations and optimization are required to address these limitations and fully
realize the potential of tunable photonic crystals in display technologies. Finally, it is worth mention-
ing that while continuous color can be produced, it has yet to be shown how to produce white without
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resorting back to an area-sharing subpixel layout such as RGB. Commercially, two companies are
pioneering modulation approaches using photonic crystals. Opalux focuses on color-tunable Pho-
tonic Ink, while Nanobrick works on full-spectrum tuning using SiO4-coated nanoparticles.

2.10. Discussion
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Figure 2.22: Performance map for reflective display technologies: This representation compares diverse reflective display
technologies based on their essential performance parameters. Microcapsule Electrophoretic Displays (Reflectance: 44%
[172], Contrast: 23 [173] , Frequency: 2.1 Hz [174]) and their ChLCD (Reflectance: 35% [91], Contrast: 10 [175], Frequency: 0.8
Hz [91]) and Electrochromic counterparts (Reflectance: 47% [127], Contrast: 12, Frequency: 1 Hz [176]) find their niche in
applications demanding static images given their constrained refresh rates. Conversely, emerging Electrowetting displays,
exhibiting up to 65% reflectance and a remarkable 62 Hz frequency [173], signal promise for dynamic video renditions.
Phase Change Displays, with a reflectance mirroring that of electrophoretic at 44% [177], are however marked by a
considerable refresh energy density of 104 mJ/cm? [177]. Albeit discontinued commercially, MEMS-based Qualcomm
designs achieve a stellar 90% [95], contrast-ratio of 1 : 30 [100], and a swift 120 Hz [100] , all while being impressively
efficient at 0.004 mJ/cm? [100]. Numeric values can be found in Table A.1.

Microcapsule electrophoretic displays, featuring reflectance up to 44%[172], contrast ratios of 23[173],
and a frequency of 2.1 Hz[174], have achieved commercial success. They offer an optimal blend of
readability and energy efficiency with a refresh energy density of 0.58 mJ/cm?[178]. The modula-
tion of total internal reflection using electrophoretic mechanisms further enhances these displays,
achieving reflectance up to 83%[179], maintaining a contrast of 20[179], and reaching frequencies of
around 30 Hz[67], while maintaining an impressively low refresh energy density of 0.029 mJ /cm?[67].
ChLCDs, utilizing cholesteric liquid crystals, present reflectance around 35% [91] and contrast ratios
close to 10 [175]. Their limited response time of 0.8 Hz[91], however, restricts their utility in mobile de-
vices, reserving them for specific applications, such as shelf-labels, where high refresh rates aren’t
essential. Similarly, electrochromic displays, offering reflectance between 40%[177] and 47%[180]
and contrasts up to 12[177], operate at a frequency of approximately 1 Hz[177], thus they too face
challenges for integration into mainstream mobile devices.
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Electrowetting displays, although nascent, exhibit promising metrics with reflectance peaking at
65%[176], though they have a modest contrast of 1.7[176] . Their highlight is a frequency that reaches
62 Hz[176], indicating a potential for fluid video playback.

Phase change displays, characterized by their non-volatile solid-state pixels, present a reflectance
of 44%[160], comparable to commercial electrophoretic displays. Despite this notable similarity in
reflectance, other metrics such as a contrast of 2.5[160], a frequency of 2 Hz[160], and a high refresh
energy density of 104 mJ/cm?[160] underline areas that need improvement for this technology to
achieve a competitive standing. Additionally, it has not yet been demonstrated how to produce a
black state by the sole use of SRD pixels.

Tunable photonic crystals stand out for their potential to display continuous colors within individ-
ual pixels. Their current implementations, achieving white state reflections between 30% and 60%
[169] and reported 20 Hz frequency [30], could be an interesting venue to explore further. Switch-
ing speed needs to be improved to yield video playback possibilities, as well as further reduction of
angle dependence and the ability to show white.

Concluding, MEMS-based reflective displays, especially the interferometric absorption-based de-
sign by Qualcomm, are exemplary. They manifest a 90% reflectance [99], a contrast of 30[100], and
an impressive frequency of 120 Hz [99] , complemented by a PPl of 363 [99] and a minimal refresh
energy density of 0.004 mJ/cm?[99].

Beyond core metrics, the mitigation of inadvertent internal reflections is paramount in e-paper tech-
nology. Although these displays capitalize on ambient light reflection, undesirable internal reflec-
tions - often from thin film interfaces - can compromise performance. Advanced techniques, such
as index matching and multilayer destructive interference, have been employed to counteract these
challenges. Notably, antireflective coatings inspired by nocturnal moth corneal patterns[181] have
achieved reductions in spurious reflectivity to a mere 0.1% within the visible spectrum[182]. Raut et
al. provide a thorough discussion on this reflection management [183].

2.11. Conclusion

The state of the art has covered a variety of reflective display technologies. Despite significant
research efforts, reflective displays are generally absent in typical mobile devices such as smart-
phones and smartwatches. This is particularly critical given the inherent benefits of these displays,
such as longer battery life and improved visibility in bright outdoor environments. The primary obsta-
cles hindering their widespread integration into mobile devices are the current limitation of refresh
speed and the compromised color vibrancy that many of these technologies exhibit. For example,
while reflective LCDs are capable of video playback, their white state reflectivity is constrained to
approximately 9% [184], thereby affecting the saturation of displayed colors. In contrast, micro-
capsule electrophoretic displays showcase a considerably higher reflectance, reaching up to 44%
[183], but suffer from restricted refresh capabilities. Within the realm of emerging technologies,
Clearink’s TIR display technology offers a promising avenue for augmenting the update speed of
electrophoretic-based displays. Concurrently, MEMS-based technologies are gaining prominence
thanks to their inherent rapid switching times, high contrast ratios, and relative energy efficiency.
Furthermore, graphene-based interferometric modulators have demonstrated remarkable capabil-
ities, achieving refresh rates of up to 400 Hz and ultra-high resolution [102]. In summary, the land-
scape of reflective display technologies is diverse, with each presenting a distinct set of advantages
and drawbacks. Whether prioritizing energy efficiency or optical performance, the array of options
is broad and expanding. This diversity, underscored by the key performance metrics outlined in this
review, suggests a promising future for reflective displays. As research in this field continues to
advance, the integration of these low-power, high-performance display systems into mainstream
mobile devices becomes an increasingly tangible prospect.



Design Methods

This chapter presents a detailed exploration of both optical and mechanical desigh methodologies,
specifically tailored to enhance optical performance metrics and to compute the estimations for
pull-in voltage and switching time. The objective in our design framework is to attain a high contrast
ratio in the vicinity of 10:1, a benchmark crucial for ensuring optimal readability in outdoor environ-
ments (see Table 2.1). Additionally, our design aims to achieve a deep, rich black in the actuated
state, and white in the idle state. The optimization routine was written to be general, such that one
could also optimize for another color than white.

To calculate the spectral-average reflectivity of a reflection spectrum, we use the following integral
formula:

_ 1 A2
R= R(\) dA 3.1
= A A 31
where R is the spectral-average reflectivity, R()\) is the reflectivity as a function of wavelength )\, and
A1 and )\, are the bounds of the visible spectrum, specifically 400 nm and 700 nm. Following this,
the spectral-average contrast ratio can be determined using the reflectivity values in both the idle
and actuated states:

Rigle
Ractuated

In Equation 3.2, C'R represents the contrast ratio, with Rigie()\) and Ractuated () indicating the reflec-
tivity functions in the idle and actuated states, respectively, across the visible spectrum range.

The simulation of tunable metasurfaces for reflective display applications is conducted under the
assumption of normal incidence plane waves. This approach is substantiated by the physical char-
acteristics of sunlight as it reaches the Earth when no clouds are present. Considering the vast
distance of approximately 1.5 x 108 km (1 astronomical unit) from the Sun to the Earth, the radius
of curvature of the sunlight’s wavefronts is substantially large. Mathematically, the curvature C of
a spherical wavefront can be expressed as the reciprocal of its radius R, given by C = %. For sun-
light, this curvature is calculated to be approximately 6.67 x 10~2 km~1, indicating an extremely small
value. Due to this negligible curvature over the scale of typical observational setups on Earth, it is
reasonable to approximate the sunlight wavefronts as plane waves.

This simplification is primarily applicable to clear outdoor conditions. However, its applicability is
limited under diffuse lighting scenarios, such as cloudy or indoor environments, where light scatter-
ing is more prevalent. A comprehensive analysis, extending beyond the scope of this study, would
necessitate the computation of the full bidirectional reflectance distribution function (BRDF), as de-
lineated in the work of Hertel and Penczek [25]. The BRDF is instrumental in understanding the
interaction of reflective displays with light incident from various angles, which is vital for predicting
display performance across a spectrum of ambient conditions.

CR = (3.2)

33
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The performance of reflective displays is contingent upon the nature of light reflection, which can
be classified into three primary types: specular, Lambertian, and haze reflections. Specular reflec-
tions, characteristic of glossy surfaces, produce mirror-like images. Lambertian reflections, typical
of matte surfaces such as ePaper, scatter light uniformly across all directions. Haze reflections,
observed on antiglare surfaces, exhibit properties of both specular and Lambertian reflections.
The interplay of these reflection types with diverse illumination sources - ranging from direct sun-
light to diffused skylight and artificial light - markedly influences display visibility and readability. Ac-
curately modeling these interactions poses a significant computational challenge. Due to the com-
plexities involved and the high computational demands, this study has been constrained to normal
incidence simulations. Future research endeavors could potentially incorporate BRDF models to
more precisely capture the intricate behaviors of reflective displays under varied lighting conditions,
thereby augmenting our understanding and predictive capabilities regarding display performance
in real-world applications.

3.1. Optimization Pipeline

A Python optimization pipeline is implemented to optimize reflected color from nanostructures.
More specifically, a Python-based particle swarm optimization (PSO) routine is utilized to automat-
ically converge towards suitable geometries that would produce a desired reflected color, defined
in the sRGB space. Figure 3.1 shows a typical convergence graph of the geometric optimization. It
depicts the error function with respect to the set goal. We can see it steadily declining and even-
tually settling after approximately 3000 iterations. The intermediate peaks represent the algorithm
search algorithm, exploring various configurations, occasionally moving away from local minima
in an attempt to find a more optimal solution. This behavior is characteristic of PSO, where parti-
cles representing potential solutions move through the search space influenced by their own and
their neighbors’ previous best positions. The diminishing fluctuations in score imply that the poten-
tial solutions are converging around a geometry that produces a color close to the target in sSRGB
space. The graph suggests that the algorithm has effectively navigated the complex search space
of nanostructure geometries to arrive at a satisfactory solution.
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Figure 3.1: Typical convergence plot of the optimization pipeline.

The routine is shown in Figure 3.2. Given an initial (guessed) geometry, electromagnetic simulation
software is used to compute the far-field reflection spectrum upon normal incidence. The reflection
spectrum is then further converted by the Python package “Colour” into screen color sRGB, based
on the CIE (Commission Internationale de I'éclairage) 1931 2° Standard Observer shape. Given the
output as well as fabrication constraints the PSO python package “pyswarms” computes the pa-
rameters for the next geometry to test. The new geometry suggestion is then forwarded to the
electromagnetic (EM) simulation software and the cycle repeats. PSO has the advantage of being
a gradient-free optimization method, however, it cannot be guaranteed to find a global minimum.
Since each EM simulation is computationally expensive and time-consuming, a machine learning
(ML) method, boosted trees, is further implemented that continuously tries to predict the spectra.
Once the error between prediction and simulated output falls below a threshold the ML model takes
over and is periodically checked by the rigorous EM simulation. This drastically reduces the cycle
time. In the following, each part of the optimization pipeline is explained in greater detail.
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Figure 3.2: Visualization of Optimization Method Python Implementation a) Geometry Script File; b) Electromagnetics
wave simulation; c) Result: Oth Order Reflection Spectrum; d) Python Package: Colour; €) Result: Converted sRGB
colorspace; f) fabrication Constraints; g) modified Python Package: pyswarm

3.1.1. Python Wrapper for EM Software

The EM Software used is “MC Grating” [185]. It computes the reflection, transmission, and absorp-
tion of light due to periodic nanostructures utilizing rigorous coupled wave analysis (RCWA). Briefly,
RCWA works by extending the fields with Fourier transforms, discretizing the structure into layers,
and solving Maxwell’s equations inside each layer. Its strength resides in its ability to produce a pre-
cise answer without oversimplifying assumptions, making it particularly ideal for intricate nanoscale
research in photonics, optics, and related domains. MC Grating does not provide Python integration
by default, thus a Python wrapper [186] was built to facilitate (1) the creation of geometries including
a full 3D rendering for visual validation, (2) to allow Python to control MC grating during the optimiza-
tion routine, and finally (3) to directly plot and analyze simulation data in python. Figure 3.3 visualizes
the different visualization capabilities of the Python wrapper. While in the underlying software, MC
Grating, all geometries are hard-coded by inputting the corner points of each geometry in alayer-like
fashion, the wrapper allows to use of predefined objects such as cylinders or cuboids. Furthermore,
these objects can be attributed to an "importance factor”. For instance, the holes in the membrane
are created by having an air cylinder that crosses a cuboid, where the air cylinder has a higherimpor-
tance factor than the cuboid. This methodology allows for very fast and organized builds of different
geometries. As visualized in Figure 3.3 the wrapper also allows to showcasing of those geometries
in various 2D cross-sections as well as full 3D for better feedback, before launching the simulation.
Post-simulation, the wrapper allows to handling of all generated data directly in Python. All the most
common visualizations are directly implemented as functions, such as visualizing the spectra of re-
flection, absorption, and transmission, and the different orders (if present). Furthermore, far-field
radial plots allow to visualize the angles and intensity of reflection spectra. Then, the code is also
capable of showing various near-field cross-sections, such as the amplitude of the magnetic field
or electric field, its different components, or the pointing vectors. The wrapper thus clearly extends
the capabilities of MC Grating. For this reason, as an appreciation, MC Grating decided to gift the
original software license.
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Figure 3.3: Python Wrapper for MC Grating. (a) Cross-sectional and 3D (b) view of generated geometry, (c)
reflection-transmission-absorption spectra as well as (d) near-field plots (source-normalized to show field enhancement) or
(c) far-field scattering plots.

3.1.2. Constraint Particle Swarm Optimization

Given the complexity of the interaction of light with nanostructures, it is extremely difficult to come
up with reliable analytic expressions to link geometric parameters with optical performance met-
rics. The influence of specific geometric configurations can be computed by numerically solving
Maxwell equations, however, the evolution of the optical parameters with respect to the geometric
parameters is often unknown. Since the underlying function defies description through derivable
equations, conventional gradient-based optimization techniques, such as Newton’s method, are
not applicable. Hence, the deployment of gradient-free optimization methodologies becomes im-
perative. These strategies endeavor to pinpoint an optimal resolution, even when the foundational
function remains obscure, and are therefore often called “heuristic optimization” as they make no
assumption about the underlying problem. Particle Swarm Optimization (PSO) is a heuristic opti-
mization technique inspired by the social behavior of birds and fishes. Each “particle” is a combi-
nation of input and associated output. Each particle’s movement is influenced by its memory of the
best position it has encountered and the global best position found by any particle in the swarm.
Starting with a randomly initialized swarm, each particle’s position is iteratively updated based on
personal and global components. The vector by which the current position of each particle is shifted
can be computed as follows:

S{i,t} =W - S{i,tfl}
+ 0 Tipiy - (Prit-1) — Xit-1})
+dg - Tigiy - (g{t—l} - X{i,t_l}) (3.3)

where:

e Subscripts g and p -> global, personal

e w: Particle velocity scaling factor

* ¢p: Scaling factor to search away from the particle’s best-known position.

e ¢4 : Scaling factor to search away from the swarm’s best-known position.

® T(pi}sT{g,i} - RANdom numbers uniformly distributed between O and 1for particle i
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* pgi—1) - Best-known position of particle 7 at iteration ¢ — 1
* g(—1y : Best-known position of the entire swarm at iteration ¢ — 1
e 1y - Position of particle 7 at iteration ¢ — 1

As can be seen from equation 3.3 the shift vector sy;,; in PSO is essentially a weighted sum of
three terms, namely the inertia (the last shift), personal component (individual particle’s best-known
position), and social component (global or swarm’s best-known position).The particle’s position is
then updated with the following equation:

Xig = [X(it-1y + sqn (34)

Once the particle positions are computed, they are constraint-checked, and all feasible positions
are evaluated. The resultis fed into an error function that computes the distance between the result
and the wanted optimized result. The smaller the returned error, the better. Upon each iteration,
the error for each particle is compared to the previous personal errors and global errors, and the
best personal and global position is recorded. This loop continues to execute for a given number
of iterations or until a certain error threshold is met. In our case, each particle position essentially
represents a set of geometric parameters.

Feasibility check: Before running a costly EM simulation, the geometric parameters are further
checked for feasibility utilizing constraint functions. This allows us to make sure that the tested ge-
ometry is physically meaningful, i.e. The period should always be larger than the dimensions of the
object inside the unit cell of a periodic grid, as well as the maximum membrane displacement can-
not be more than the pillar height.

Constraints: In addition to feasibility checks, fabrication constraints can also be integrated into the
PSO algorithm. Inthe present case, it was decided that the gap could be a minimum of 20 nm, which
is close to the limits of given e-beam lithography capabilities at the CMi. As for the pillar height, a
maximum aspect ratio of 5:1 was set. In addition, the period was constrained to be at maxima 400
nm, which is the largest period that allows to building of hon-diffracting elements in the visible for a
periodic array.

If these criteria are not validated, the EM simulation is skipped for these particles and the error for
those particles is set to a very high number, essentially discouraging the swarm from continuing fur-
ther in this direction. By design, PSO does not guarantee a global optimization, but it has shown in-
valuable in many engineering applications[187]. The particle swarm optimization was implemented
using a modified version of the Python package “pyswarm” [188] and can be found in the appendix
A.3. Notably, it was ensured that all values remain integer since sub-nanometer optimization of the
geometry does not make sense as the tolerances could not be met in the cleanroom.

3.1.3. The Optimization Function
The optimization pipeline was designed to be as versatile as possible for optimizing reflective meta-
surface in the visible. A common goal of such metasurfaces is to show specific colors, thus it was
important to convert the simulated reflection spectrum into human-perceived color and to compute
its difference from the color that is aimed.

Spectrum to XYZ

Color-matching functions (CMFs) are used to convert the spectral distribution into human-perceived
color. This is done more explicitly through the CIE 1931 2 Degree Standard Observer model. It
maps the recorded spectra into the CIE XYZ color space. The 'Y’ component corresponds to lumi-
nance, describing the brightness or intensity of a color. Chromaticity, represented by the "X’ and 'Z’
components, focuses on color quality. This model is intended to characterize the average human’s
chromatic response within a 2° visual field of the fovea centralis, a region of the eye where color-
sensitive cones are densely concentrated. In essence, it links our visual perception to the specific
wavelength. Equation 3.5 is the mathematical equation to calculate the CIE XYZ tristimulus values
from a given spectral distribution using the provided color-matching functions and illuminant.
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where:

e XY, Z are the resulting tristimulus values.
¢ [ is a normalizing constant.
e P()\) represents the emissive spectral power distribution.

e R()) represents the spectral power distribution of the reflectance, transmittance, or
radiance.

e I()) represents the spectral power distribution of the illuminant.
e z(\),y()\), z(\) are the color matching functions for the XY, and Z coordinates.

e A is the wavelength interval, representing the integration step over the continuous
spectrum.

The normalization constant k is chosen such that the intensity (Y) of a 100% reflective object is
scaled to 100. This means that when the incoming light is equal to the reference illumination, the
attributed value is 100.

_ 100
YL Y () - I()AX

k (3.6)

XYZ to RGB

In the pursuit of optimizing a metasurface for a specific reflected color, it's essential to maintain
consistency from the design phase to the final observation. Converting from XYZ space to RGB
space serves this purpose, as the initial color selection is performed on a standard RGB monitor,
ensuring that the chosen color remains consistent throughout the entire process. As RGB is a rel-
ative color space—where different shades of red, green, or blue could all be considered "primary
colors”—the exact specification of one’s monitor color definition would need to be measured to
achieve the most accurate design-to-fabrication result. At the current stage of the project, however,
this level of precision appears unnecessary. Therefore, the XYZ space is converted into standard
RGB (sRGB), a common standard that most monitors comply with, to maintain a reasonable level of
accuracy and consistency. sSRGB was introduced in 1996 [189] in cooperation with Hewlett-Packard
and Microsoft, and later standardized by the International Electrotechnical Commission (IEC) as IEC
61966-2-1:1999 [190]. Essentially, suitable red, green, and blue values were identified within the XYZ
colorspace that could be represented by monitors and printers. Equation 3.7 describes the trans-
formation:

sR 3.2406 —1.5372 —-0.4986| | X
sG| = [—0.9689 1.8758  0.0415 Y 3.7
sB 0.0557 —0.2040 1.0570 Z

The code to convert a spectrum to its SRGB representation is given in appendix A.4.

3.1.4. Machine Learning EM Simulation Speed Up

A critical introduction to speed up the pipeling, is the application of machine learning to predict
simulation outcomes, specifically using the Light Gradient Boosting Machine (LightGBM) algorithm
[191]. LightGBM is a gradient-boosting framework that generates a prediction model as an ensem-
ble of weak learners, primarily decision trees. On a high level, the model is designed to minimize a
loss function L(y, F(x)), where y is the actual label (in our case, the reflected power) and F'(z) is the
predicted label. The objective is to fit the residual errors by adding N weak learners f;(z) iteratively,
mathematically expressed as:



3.2. Pull-In Voltage computation 39

N
F(z) = Z fi() (3.8)

For each wavelength in the spectrum, given the input geometric parameters, the spectral response
is predicted. These predictions serve as rapid, approximate, insights into what the RCWA simulation
would yield for a new set of parameters. This reduces the computational load, expediting the opti-
mization process. The loss function is defined as the area difference between predicted reflection
spectra and simulated (see Figure 3.4). Initially, MC Grating simulates all optical responses to the
provided geometries, and the data is used to train LightGBM. Once the loss function falls below a
certain threshold, the ML algorithm takes over and MC grating is only periodically used to verify the
predicted results.
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Figure 3.4: Optimization speed improvement through machine learning utilizing LightGBM (a) area difference
between (integral of the reflectance difference between the predicted and simulated reflection spectra) (b) exemplary
predicted spectra versus simulated spectra after 135 iterations

In a quantitative comparison of computational efficiency, the machine learning model demonstrates
a substantial enhancement over RCWA simulations. Specifically, the mean computational time re-
quired for each geometry inthe RCWA simulation was observed to be 6 seconds. In contrast, the ma-
chine learning model necessitates a mere 0.005 seconds for making equivalent predictions. This
translates to a computational speed-up factor of approximately 1200 times, thereby representing a
significant reduction in computational time and resources.

3.2. Pull-In Voltage computation

The pull-in voltage, a crucial parameter in Micro-Electro-Mechanical Systems (MEMS), dictates the
operational limit of such devices. It represents the threshold voltage at which electrostatic forces
overcome mechanical restoring forces, causing the device to snap down or "pull-in”. Prediction and
understanding of this parameter is essential for the design and reliability of MEMS devices. In the
following, a basic computational approach is outlined to estimate the pull-in voltage of a general
MEMS device consisting of an air-layer for the MEMS displacement, as well as N dielectric layers.
For a given layer i in the MEMS device (see Figure 3.5a), the capacitance C; is defined as:”

0, = 4 39)

where:

€o is the permittivity of free space,

e, is the relative permittivity of the layer,
A is the area of the capacitor, and

t; is the thickness of the i*" layer.

The total capacitance, Crotal, When considering all V layers and the air gap thus becomes:
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Figure 3.5: Cross section schematics of the analytic model used for pull-in voltage estimation Plate capacitor with
a moveable top electrode and (a) multi-layered dielectrics, (b) equivalent device with air distance d. ¢; and t; denote the
relative permittivity and dielectric thickness respectively. d is defined in Equation 3.12 the geometric factor of the system, k
is the equivalent spring constant of the system.

Crotal = Z N (310)

where:

e C, is the capacitance of the i*" layer, and
e (i is the capacitance of the air gap.

The voltage across the system in terms of the charge stored and the total capacitance, can then be
computed as follows:

_ Q al 2 log — T _ Q
V—€0A<ZQ+ 1 )—GOA(d—x) (31)

where:

Q is the charge stored,

x is the displacement of the layers due to applied voltage, and
d is a geometric factor, defined in 3.12

t; is the thickness of the i*" layer, and

t, is the initial thickness of the air gap.

Introduced by Saucedo-Flores et al. [192] d can be defined as the geometric factor of the system,
essentially representing the weighted sum of the thicknesses of all layers and the initial air gap :

d = Z é +t, (312)
i=1

This substitution allows the lumping of the multilayered model into a simpler device (see Figure 3.5b),
where the dielectric between the electrodes only consists of air.
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The pull-in condition is obtained when both mechanical and electrostatic forces are in equilibrium
(Equation 3.13), and when the equivalent stiffness (Equation 3.14) of the complete system becomes
zero - any further displacement of the microbridge will not result in a restoring movement.

OF o,
Futal = — = — 5 =0 (313)
aFtotal o 0 o
W — ax (Fel F7") — 0 (314)

where:
e F,. and E,, are the electrostatic and mechanical energy, respectively.

Continuing, the energies are defined as:

B, = %cv? (3.15)
E,, = %ksz (3.16)

where:

C is the capacity.

V is the applied voltage.

k is the microbridge equivalent spring constant.
x is the displacement of the microbridge.

Using equation 3.13, we derive:

OE, oE,,
Ftotal = el

ox or

_ 9 (loye) - 2 (L2
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0 <1A60€1 V2) —kx

:% 2d—=x
_ oad e g 3.17)
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From equation 3.17, the equilibrium voltage for a given spring constant is:

2(d — x)?

Veq - ki 60€1A

(3.18)

Pull-in is reached when the equivalent stiffness of the complete systems becomes zero. Thus, re-
placing the voltage with the equilibrium voltage from equation 3.18 and computing the equivalent
stiffness, the critical displacement at which pull-in occurs is:

OFotal _5< €01 A V2—kx>

or  O0x \2(d—z)2
AV2¢p€1
=k A 319)

Inserting V' = 1, into equation 3.19, we get:

2kx
d—x

—k+ =0 (3.20)
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Solving for x from equation 3.20, the pull-in displacement is:

d
Tpr =3 (3.21)

Finally, the pull-in voltage can be calculated as:

| 8kd?
=4 — 22
VPI 2760€1A (3 )

As for the equivalent spring constant of the microbridge, a clamped-clamped beam model with a
distributed uniform load is used:

3
ko = 32EW (L) (3.23)

where:

e kg is the spring constant for the fundamental mode of vibration.
e F is the modulus of elasticity of the material.

o ¥ is the width of the microbridge.

T is the thickness of the microbridge.

L is the length of the microbridge.

The effect of the reduced area due to the holes on the electrostatic energy is said to be negligible
when the diameter of the holes is less than 3-4 times the vertical gap between membrane and
bottom electrode. This is due to an increased fringing field effect that approximately compensates
the loss of area [193]. However, the holes do influence the stiffness of the beam.

—0.72(D/P)? — 0.16(D/P) + 1.01 A
—— Finite Element Simulation

(0.7, 0.55)

0.0 0.2 0.4 0.6 0.8
D/P

Figure 3.6: Period-normalized hole diameter vs. equivalent spring constant. COMSOL Metaphysics

Finite elements analysis (COMSOL) is used to determine the relation between the reduction of the
equivalent spring constant with an increased diameter-to-period ratio. For instance, an amorphous
silicon (E = 80 GPA) microbridge with holes of 280 nm diameter and 400 nm period, with a micro-
bridge length of 7um leads to a reduction by 45%.

The period-normalized hole diameter D/P versus the equivalent spring constant £ normalized by
the one computed without the holes &, for a beam of the given geometric and material properties
is plotted in Figure 3.6.
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3.3. Mechanical Response Time
The mechanical response time can be estimated by modeling the mechanical system as an un-
damped harmonic oscillator. Equation 3.25 describes the energy conservation, more precisely

equating the gained kinetic energy as well as the remaining potential energy with the stored po-
tential spring energy.

Loz Lpez =L 2
5 + Qkx = 2k:(Ax) (3.25)

where:

m is the mass of the microbridge.

x is the instantaneous displacement.

k is the equivalent spring constant.

Ax is the maximum displacement of the microbridge.

The velocity is given by:

0= E((Az)? — 2?) (3.26)

m

Since: dz/dt = i we can rewrite: dt = dx /& and hence the total time needed would be:

d d
dx dx T |/m 1
tpo = - = ——— = = — 3.2
P /O & /0 W(Ao2—z2) 2\ k  Af .27

where:
e fisthe eigenfrequency of the MEMS device

The outcome is logical, given that an undamped mass-spring system exhibits sinusoidal velocity,
and the solution provided corresponds to one-fourth of a complete cycle (from rest to maximum
displacement).



Static Prototype

Following the conceptual framework for a MEMS-based tunable metasurface outlined in section 1.1,
an initial static prototype is fabricated. This prototype does not fully implement the dynamic tun-
ability envisioned but serves as a preliminary validation of the principles discussed. It is specifically
designed to demonstrate the feasibility of altering surface reflectivity through silicon-based struc-
tures. The prototype consists of areas with amorphous silicon (aSi) nanopillars situated on top of
an approximated 100 nm aSi layer, representing the full actuated state of the membrane, and areas
with only said aSi layer, representing the idle state. The geometric dimensions of these nanopillars—
specifically, a period of 608 nm, a diameter of 300 nm, and a height of 412 nm—were established
through a series of trial-and-error RCWA simulations. While these dimensions are not globally opti-
mized, they were specifically tailored to optimize the Oth order reflection. The device was designed
for measurements exclusively at normal incidence; therefore, higher-order effects is deemed irrel-
evant for this study.

(a) (d)' '
Y ==
(b) (e)
. —

Fused Silica

(c)
e =8
-

CSAR

Figure 4.1: Nanofabrication of large-scale aSi nanopillar arrays. (a) - (d): Visualization of nanofabrication process flow
showing 4 pillars of the periodic nanopillar array. (a) DC sputtering of 500 nm aSi onto a fused silica substrate, followed by
(b) e-beam resist CSAR spin coating of 150 nm, and (c) e-beam exposure and development in amyl acetate. (d) Reactive ion
etching of aSi to create the nanopillars, and finally (e) resist removal using oxygen plasma. (f) Tilted (45°) Scanning Electron
Microscope (SEM) recording showing a periodic array of nanopillars as well as the remaining surrounding silicon. Inset:
close-up SEM recording of a single nanopillar; Geometry: period = 608 nm, diameter = 300 nm, height = 412 nm.

Figure 4.1 details the nanofabrication process employed to create these arrays of aSi nanopillars.
Initially, Direct Current (DC) sputtering is used to deposit an aSi layer onto the fused silica substrate
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(Figure 4.1a), providing the base for the subsequent nanopillar structures. This is followed by spin
coating a 150 nm layer of e-beam resist CSAR (Figure 4.1b), preparing the surface for detailed pat-
terning. Electron beam (e-beam) exposure comes next (Figure 4.1c), where the resist is developed
in amyl acetate to delineate the areas for nanopillar etching. Reactive ion etching (Figure 4.1d) is
then executed to sculpt the nanopillars from the aSi layer. Finally, any remaining resist is eliminated
using oxygen plasma (Figure 4.1e). A 45° tilted Scanning Electron Microscope (SEM) image (Figure
4.1f) confirms the successful fabrication, showcasing the periodic array of nanopillars. A close-up
SEM inset provides further detail on the geometric dimensions of a single nanopillar.

To visually assess the absorption characteristics as a decorative element, nanopillar arrays were
combined to form a binary image of a zebra, where the dark pixels are created through the absorp-
tive metasurface. Figure 4.2 shows the resulting optical microscope image. This picture clearly
qualitatively validates the expected blackness of the nano-structured silicon, but also hints at the
possibility that a tunable surface might shows show some very visually appealing characteristics.

N 100 um

Figure 4.2: Optical microscope image (50x) of the fabricated sample showing a zebra, where the dark regions are due to
light absorption by aSi nanopillar arrays, and the bright regions due to the high reflection of the unstructured, flat silicon
surface.

To gain more quantitative insight, the reflection spectra from the nanostructured and flat regions are
measured using an inverted microscope setup, consisting of a white light source and a spectrom-
eter. The spectra are depicted in Figure 4.3. It validates the qualitative assessment, showcasing
a 1:50 contrast ratio between both states, with very low reflection for the structured sample. The
experimental measurments show to be in good agreement with the expected simulated outcome,
validating the RCWA code used. The slight differences between simulated and measured spectra
can arise from many aspects, such as the slight slope of the fabricated pillars, a slight deviation
between material properties in the simulation and fabricated device, and lastly some geometric dif-
ferences. It needs to be noted, though, that the collected light comes from the direct reflection
within a limited solid angle as captured by the optical microscope, rather than an integration sphere
which would encompass a broader range of scattering angles. This methodological choice, focus-
ing on direct reflection, is particularly relevant for comparing the simulated reflection spectra which
only simulates the normal reflection (Oth order) and the experimental result.
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Figure 4.3: Optical microscope image (50x) of the fabricated sample showing a zebra, where the dark regions are due to
light absorption by aSi nanopillar arrays, and the bright regions due to the high reflection of the unstructured, flat silicon
surface.

In summary, broad spectral absorption range in the visible spectrum is demonstrated through the
nanostructuring of amorphous silicon (aSi), resulting in an absorptive metasurface, as well as decent
reflection from the flat surfaces. This result validates the core idea of the MEMS tunable metasur-
face investigated.



Proof-of-concept: Tunable
Metasurface Reflectivity Modulator
in the Visible Spectrum

Disclaimer: Major parts of the following chapter have been adapted from the published paper
entitled "Broadband Mechanically Tunable Metasurface Reflectivity Modulator in the Visible Spec-
trum”[194].

Authors List: Dorian Herle, Olivier J.F. Martin, L. Guillermo Villanueva, Niels Quack

Doctoral candidate’s contribution: The doctoral candidate presented the initial idea, performed
initial optical simulations, envisioned the hereafter presented process flow, and fabricated the whole
device.

Having successfully demonstrated that nanostructuring a surface can resultin enhanced light absorption—
yielding dark optical states when such absorption is optimized for the visible spectrum—the sub-
sequent chapter delves into the next phase of development. Specifically, it aims to showcase a
MEMS-actuated switch capable of dynamically transitioning between a nanostructured state and a

flat state. This opens up the use of such elements for dynamic light control as needed on the pixel

level of reflective displays.

5.1. Working Principle

The MEMS-based tunable metasurface consists of a silicon membrane featuring a rectangular array
of holes. Each hole in the membrane hosts a fixed nano-disk.

(a) Idle (b) Actuated

Figure 5.1: Operating principle of the tunable metasurface modulator: (a) Idle state yields high reflectivity; (b) Actuated
state, with vertical membrane displacement of §, results in low reflectivity due to Mie resonance.
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While the initial concept showed pillars, the choice of using disks instead of pillars solely resides
in facilitating the fabrication but does not underpin the underlying physics. Electrostatic actuation
enables the vertical displacement of the membrane, allowing for a transition between two optical
states: a reflective state and an absorptive state. When the membrane and the nano-disks are
aligned at their top surfaces, a highly reflective state is achieved. On the other hand, when the
membrane is displaced vertically by electrostatic forces, the Mie resonance-induced absorption in
the nano-disks is tuned, resulting in reduced reflectivity of the surface. This modulation is depicted
in Figure 5.1. The exact geometric dimensions are obtained by RCWA optimizations and summarized
in table 5.1

Symbol | Description Value (nm)
D Disk diameter 300
P Period of disk array 400
H Diameter of hole in membrane 300
T Thickness of membrane and disk 100
) Membrane vertical displacement | O (idle) - 150 (actuated)

Table 5.1: Symbol Descriptions and Values

The design of the MEMS-actuated metasurface consists of a perforated suspended microbridge
in which each perforation hosts a nano-pillar. The pillar itself consists of an aSi nano-disk that is
supported by a silicon oxide stand. The device is schematically represented in Figure 5.2. When a
voltage is applied between the membrane and substrate, the membrane is continuously displaced
through electrostatic attraction. For this prototype, the oxide stands are chosen to be 150 nm in
height, allowing the membrane to travel this distance. The device is operated in pull-in. The pull-in
voltage is analytically approximated to be on the order of 14-16 V. The method by which the pull-in
voltage is derived is described in 3.2.

Figure 5.2: MEMS Design. Oxide-supported disks and membrane. Electrostatic actuation of the membrane by the
application of a potential difference between the membrane and the supporting silicon, whereas oxide acts as a dielectric
spacer. Disk height as well as membrane thickness is chosen to be 100 nm, with an oxide stand of 150 nm and a dielectric

oxide spacer of 350 nm.
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5.2. Optics

In Figure 5.3a, the simulated wavelength-dependent reflection, transmission, and absorption of the
system are depicted. The spectral-averaged absorption in the disks and membrane is also calcu-
lated separately by integrating and averaging the absorption in each of the system’s components
from 400 to 650 nm. As the membrane displacement increases, a significant rise in the spectral-
averaged absorption in the nanodisks is observed, as shown in Figure 5.3b. This leads to a broad-
band decrease in reflection from the metasurface.

(a) (b)
1-0 T T T T T T T
0.50F d |— 5=
- 6= 0
- ;__.,_5_ _____ R — 6= 50
s i T 5 — 6= 100
| I..._. -l\ _ ] = -
g 08F TS eemea—-s Smase é — 6= 150
L e - \\\‘\\ < — Disk
< S s W Sed 3 L | Membrane
c | L ammmm—— ’—— "-~§~ = o] 040
S 0/6 [pmeset =T g e -3 === <«
@ g
& © B J
a § 0.35
S 0.4}
= =
P LE 0.30F : | I
2 @ 15
0 0.2F &
9 0.25f . -
0.0 1 1 1 1 -] — I—-:- 1 1
450 500 550 600 650 0 100
Wavelength (nm) 6 (nm)

Figure 5.3: Influence of the membrane position on the optical spectral response. (a) Oth-order reflection and overall
absorption computed for different membrane positions. A vertical membrane displacement from O to 150 nm results in a
reflection reduction in the spectral range from 400-650 nm. A: Absorption, R: Reflection, T: Transmission. (b) Spectrally
averaged absorption for the disk or the membrane. The disk acts as the active element with a continuous increase in
absorption as the membrane is displaced.

To provide additional insights into the origin of the broadband spectral response, the coupling be-
tween the membrane and the disks is studied in further detail. Finite element simulations are first
performed in Figure 5.4 to extract the absorption inside the disks. Three scenarios are considered:
disks in the air without any surrounding membrane, disks surrounded by a well-aligned membrane,
and disks placed at a vertical distance §=150 nm above the membrane. As depicted in Figure 5.4,
disks in air and disks offset by a distance of 150 nm above the membrane exhibit similar absorption
spectra. The discrepancy between both curves, starting mostly from 500 nm, can be attributed to
the coupling between disks and membrane. This coupling is wavelength-dependent, thus explain-
ing the non-constant offset. For disks that are inside the membrane, however, the absorption within
the disks decreases. It is hypothesized that upon the insertion of the disks into the membrane, the
membrane serves as an effective medium with a high refractive index. This prevents an effective
excitation of the Mie resonances in the disks, leading to the absence of resonant absorption when
the disks are situated within the membrane.
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Figure 5.4: Absorption spectra inside the array of disks freestanding in air, placed in the membrane, and out of the
membrane with an offset § = 150 nm. The parameters for the disks and membrane are the same as in Table 5.1.

To study this effect, the field that an individual disk scatters is decomposed into vector spherical
harmonics [195]. The underlying principle involves calculating the far-field via the surface integral
equation method for isolated structures [196], [197]. This calculation is performed at points on a
sphere with a radius of 10 um. Subsequently, this field is decomposed into a series of vector spher-
ical harmonic functions. Through the known amplitudes of these functions, the scattering cross
section attributed to each multipole is deduced [195], [198]. Data for the refractive index of aSi are
sourced from Pierce et al. [199]. In Figure 5.53, b, the scattering cross-sections and the multipolar
components are displayed for an isolated disk of the same size as shown in Figure 5.3. This disk is
placed inside a medium with a refractive index of n = 1 (Figure 5.5a) and n = 2 (Figure 5.5b). The first
four multipoles are found to represent the full scattering cross section in the multipolar analysis ade-
quately. Individual resonances are broadened as the refractive index of the host medium increases.
For example, the magnetic dipole of the disk in a medium with a refractive index of 2 (Figure 5.5b)
is observed to have a wider resonance than the disk in a medium with a refractive index of 1 (Figure
5.5a). A similar behavior is shown by the electric dipole. Broad higher-order multipoles, such as the
electric and magnetic quadrupoles, are seen to redshift to the visible spectrum. This resonance
broadening leads to a decrease in field enhancement inside the structure [200].In Figure 5.5¢, the
absorption cross-section of an isolated disk is studied. The refractive index of the surrounding
medium is varied over a broad range to mimic the gradual change of the effective refractive index
of the surrounding medium as disks enter the membrane. A decline in absorption cross-section
is observed (Figure 5.5c). However, the absorption barely changes for the short wavelength part of
the spectrum, specifically around 400 nm as shown in Figure 5.5¢. This minimal change is believed
to arise from the fact that the air gap between the membrane and the disks is not considered. To
account for such gap, the absorption cross section for an isolated disk in an air void, submerged in
a medium with different refractive indices, is presented in Figure 5.5d. In this figure, the air spacing
thickness corresponds to the disk-membrane distance of the fabricated device (~ 50 nm). It is evi-
dent from Figure 5.5d that absorption across the entire range of interest (400 — 700 nm) decreases
as the refractive index of the surrounding medium increases. Conversely, one can summarize that
in the idle state, the membrane is perceived to act as a high refractive index host medium, causing
a reduction in disk absorption. By actuating the membrane position, the host medium of the disk is
modified, affecting the light absorption within the disks.
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Figure 5.5: Spectral response of an isolated nano-disk surrounded by a medium with different refractive indices.
Scattering cross-section and its multipolar decomposition for an isolated disk in backgrounds (a) n = 1 (a) and (b) n = 2. ()
Absorption for the isolated disks in different background media from n = 1 to n = 4. (d) Absorption for an isolated disk
placed in an air shell, which is further placed in a medium with the refractive index n = 1 to n = 4. A resonant behavior is
observed for a disk in air (n = 1), while the resonances broaden for surrounding media with increased refractive indices.
Abbreviations: SCS = Scattering Cross Section, ED = Electric Dipole, EQ = Electric Quadrupole, MD = Magnetic Dipole,
MQ = Magnetic Quadrupole .

5.3. Fabrication

A surface micromachining process is employed for the fabrication of the MEMS tunable metasur-
face. A layer of 100 nm of aSi is sputtered onto a wet-oxidized crystalline silicon wafer with 500 nm
SiO, on its surface using a Pfeiffer SPIDER 600, 800 W, 29 sccm O,, DC source at room temper-
ature. Surface activation is performed in Plasma Oxygen (500 W, Tepla GiGAbatch) for 5 minutes,
followed by a 5-minute dehydration bake at 180° C. A thin layer (150 nm) of AR-P 6200 (CSAR 62)
e-beam resist is spin-coated. This specific e-beam resist is chosen for its high contrast and etch



5.3. Fabrication 52

selectivity.
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Figure 5.6: Fabrication of a tunable metasurface. (a-e) Outline of the process flow showing the unit cell of the periodic
pattern: (a) deposition of 500 nm of SiO, and 80 nm of amorphous silicon (aSi) onto crystalline silicon (cSi) wafer, (b)
electron-beam lithography using positive resist CSAR 64 of 150 nm thickness, (c) reactive ion etching of the aSi layer, (d)
followed by approximately 100 nm reactive ion etching into the SiO-, (€) and carefully timed hydrofluoric (HF) vapor phase
isotropic SiO» etching to release the membrane. (g) Visualization of the release holes in the membrane, which enable
increased access points for the HF vapor to etch the sacrificial SiO- layer, thus releasing the membrane faster than a
complete under-etch of the disk. (i) Visualization of the remaining oxide stand after the release step, which keeps the disks
in place. (h) and (i) SEM images of the fabricated sample, showcasing (i) a single pixel consisting of a clamped-clamped
membrane as well as (h) a close-up showing the individual aSi disks supported by the remaining oxide posts, and the
membrane with its holes, slightly buckled upwards (80 nm max) due to residual stress (thermal mismatch during
deposition).

A pre-exposure bake at 180°C for 5 minutes is conducted. Electron-beam lithography is then uti-
lized with a Raith EBPG5000 to define the structure. A dose of 270 uC/cm? (100 keV) is applied, and
proximity-effect correction is engaged to optimize uniformity across the wafer. A 1-minute develop-
ment in amyl-acetate is followed by a 1-minute rinse in a 90:10 MiBK: IPA solution and drying is per-
formed with nitrogen. Pattern definition of the aSi layer is accomplished using inductively coupled
plasma (ICP) with an Alcatel AMS 200 SE. A laser-based (=690 nm) end-point detection system is
used for precise etch termination upon reaching the underlying SiO,. A vertical SiO, ICP etchis sub-
sequently conducted using a mixture of C,Fs/H>/He gases. Release holes with diameters of 100
nm are chosen to be below the cut-off hole diameter for the smallest wavelength in the spectrum
of interest. Isotropic etching of the oxide is performed using HF vapor (SPTS uEtch), comprising an
anhydrous HF and ethanol (CoH;OH) gas phase at reduced pressure. This allows for stiction-free
release of MEMS without pollutant generation. An etch rate of 0.12 nm/s is consistently observed,
making the release a time-controlled process once calibrated. High voltage (10 kV) SEM images
are captured at specific etching times to measure the etch-front accurately, enabling precise ox-
ide etch-rate measurements. The entire fabrication process is illustrated schematically in Figure
5.6a-e. The release holes diameters of 100 nm are chosen to be below the cut-off hole diameter for
the smallest wavelength in the spectrum of interest, thus they do not noticeably affect the optical
performance, as can be observed in Figure 5.7.
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Figure 5.7: Influence of the release holes on the device reflection. Reflection spectra (400 — 700 nm) are simulated for a
membrane without release holes (solid lines) and with 100 nm diameter release holes (dashed lines), showing very little
influence on the spectral response.

Initial devices were designed by essentially etching away rings to form the disk and release holes to
expedite the membrane release over the disk under-etch. However, this approach leads to an un-
even material distribution of the membrane, with potentially very thin sections along the diagonal as
displayed in Figure 5.8. Such distribution can lead to enhanced localized stress concentrations in
these areas, leading to potential ripping of the membrane, and can make those areas more suscep-
tible to over-development. To even out the stress distribution, the release hole is reshaped such
that the membrane essentially consists of intertwined rings as displayed with the orange-dotted
line in Figure 5.8. This allows for equal material distribution in all directions, leading to a very uni-
form membrane mesh.

Figure 5.8: Influence of release hole shape on membrane mesh uniformity. (a) A circular release hole leads to very thin
sections along a diagonal (red arrows) versus thicker sections along the horizon. (b) Membrane mesh created by
intertwined rings (visualized by an orange dotted line) offers a way to create a uniform mesh and thus reduce localized
stress peaks.

Figure 5.9 shows in Figure 5.9a the discussed failure mode where an over-development of the thin
structures of the membrane leads to an unconnected membrane mesh. Figure 5.9b shows an over-
etch during the HV vapor MEMS release step. This step needs to be calibrated to a few tens of
nanometer precision. High-voltage SEM images are very good for the calibration process as it's
possible to see through the membrane at this sample.
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Figure 5.9: Exemplary fabrication failures. (a) Over-developed thin structures of membrane. (b) Over-etched during HF
Vapor MEMS release

5.4. Characterization

To demonstrate the suitability of the tunable metasurface for display applications, a segmented
display composed of 42 x 9 individual metasurface pixels is constructed. The 42 x 9 metasurface
pixels are released and fabricated as described previously. Electrical connection to the device layer
surface is established for only a subset of pixels, while the remaining pixels are insulated from the
device layer surface by electrical insulation trenches. The subset of electrically connected pixels
is selected to display the EPFL logo upon actuation, as evidenced in the microscope recording of
Figure 510a. The array is shown in the idle state and in the actuated state, where the pixels are
actuated by applying an actuation voltage between the device layer surface and the substrate layer.
Upon actuation, the segmented pixels of the EPFL logo switch to a darker absorptive state.
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Figure 5.10: Demonstration of the modulation capability showcasing the EPFL logo when in an actuated state. (a) Optical
microscope image showing a segmented display forming the EPFL logo when switched from the idle to the actuated states.
The pixels outside the EPFL logo are electrically disconnected. (b) Measured reflection spectra in the optically idle and
actuated states corresponding to applied O and 70V, respectively. The average CR in the spectral range from 400 to
530nmis 1 : 3.

Stiction is not observed, attributed to reduced contact area resulting from spikes of sacrificial SiOs,
as seen in Figure 5.6h. The spectral response and CR are experimentally determined through a
spectrometer setup, using a silver mirror with almost perfect reflectance as reference [201]. The
measured reflection spectra are displayed in Figure 5.10b. An average CR of 1:3 in the range of
400 to 530 nmis measured. Discrepancies between the measured and simulated spectra in the
idle state are attributed to geometric differences induced by the manufacturing process. Notably,
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the membrane is buckled upwards by residual stresses in the idle state. As discussed in further
detail in Appendix A.5, this geometry leads to destructive interference in the visible, resulting in a
reflection dip between 550 and 700 nm. The membrane can be approximated as an infinite slab of
an equivalent refractive index (air holes and aSi ). Using this simplified model, it can be seen that
for the given membrane thickness destructive interference occurs within the wavelength range of
approximately 500 to 700 nm, agreeing with the measured spectra. The switching time is measured
to be onthe order of 20 ms (see Figure 5.11), by using laser Doppler velocimetry (LDV) and integrating
the result to obtain the membrane displacement versus time. An actuation voltage of 33V is applied,
and a displacement of approximately 140 nm is measured. The actuation voltage is purposefully
placed beyond the pull-in ( 16V) to ensure a complete movement of the membrane.
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Figure 5.11: LDV switching time measurement. A step input of 33 Volts induces an averaged membrane displacement of
approx. 100 nm. Switching time for both on (a) and off (b) switching 20 ms. This slow switching time is due to the high
viscosity of the air trapped beneath the membrane as well as the high electrical resistivity of aSi, as discussed in the

manuscript.

In terms of mechanical aspects, the viscosity of the air trapped beneath the membrane significantly
influences the device’s performance. The relatively low viscosity of air plays a crucial role in the
device’s dynamics, particularly in the damping of the membrane’s movement. This effect is a factor
in the observed switching. In terms of electric behavior, the device can be regarded as analogous
to an RC circuit, wherein the resistance is proportional to the material’s resistivity and the distance
between the probe and the pixel. MEMS devices capable of high-frequency modulation typically
employ highly doped Si, which can exhibit resistivity as low as 0.001 Ohm - cm. In contrast, the
prototype utilizes aSi with an approximate resistivity of 10 k Ohm - cm [202]. The experimental probe
distance is also noted to be approximately 1 mm, a value expected to be significantly reduced in a
wire-bonded device. The capacity can be approximated as a plate capacitor with a SiO, dielectric
spacer of 500 nm and an area of about 1 mm?2. These values yield an RC time constant of a few
tens of microseconds, which concurs well with the measured modulation frequency and switching
time. Better optical performances and faster switching can be expected by changing the membrane
material to more reflective and more conductive materials, such as aluminum. The switch-off time
follows the same speed primarily due to the necessity for the MEMS capacitor to undergo discharge.
Consequently, this temporal aspect will also exhibit a strong reliance on the inherent resistances
imparted by the membrane material.

5.5. Conclusion

A MEMS-based tunable metasurface has been successfully developed, in which reflectance mod-
ulation is achieved through the relative displacement of a hole-patterned membrane and a station-
ary nano-disk array. The fabrication process incorporates surface micromachining with a single
e-beam exposure, obviating the need for lithographic alignment through the selective removal of a
sacrificial oxide layer. A maximum contrast ratio of 1:3 has been observed within the visible spec-
trum range of 400 to 530 nm, and a switching time of 20 ms has been measured. These results
provide compelling evidence for the successful implementation of the initial concept as an actuat-
able MEMS tunable metasurface reflectance modulator.



Scale-up

This chapter aims to highlight and discuss the efforts made to find a scalable process flow. The pro-
cess flow utilized in chapter 5 and outlined in Figure 5.6 is beneficial for an initial proof-of-concept
due to its relative simplicity. However, there are a few drawbacks that make it less suitable for po-
tential scaled-up production, needed to fabricate thousands of pixels for real-world monitors.

e The gap between the disk and membrane is defined by lithography. As discussed initially in
section 1.1, a small gap is preferred to achieve both a high contrast ratio between the idle and
actuated state and good idle state reflectivity. In the previous fabrication outlined in 5.3, e-
beam lithography was used to achieve a gap of 50 nm. However, e-beam lithography is a se-
quential process and thus non-compatible with high-throughput, large-area patterning. Deep
Ultra-Violet (DUV) lithography may be able to achieve openings of roughly 40 nm [203], but that
is pushing the systems to the limit, using water-immersed objectives to maximize numerical
aperture.

e The fabrication method restricts the flexibility of geometric parameters. This limitation ex-
ists both in the fact that the disk and membrane cannot have different thicknesses and in
the fact that the membrane needs to be completely undercut faster than the disks to avoid
their collapse. This puts certain geometric limitations in terms of the maximum mesh width of
the membrane with respect to disk diameter. It prohibits the fabrication of smaller diameter-
to-period ratios, which can yield structurally more durable membranes and altered optical re-
sponses.

e The current MEMS release step needs to be very carefully timed to avoid an over-etch of the
supporting oxide stands below the disks. This makes the process more susceptible to process
instabilities.

To achieve a truly scalable process-flow it is clear that self-alignment between pillars and mem-
brane is needed due to the small gap sizes aimed for. As depicted in Figure 6.1 two suggestions
are investigated: pillar and membrane-first process flows. Both venues share similar high-level
process characteristics. Notably, a conformal sacrificial layer is utilized to define the gap between
the membrane and the pillars. Delving into the specifics, the primary distinction between the two
approaches centers on the initiation phase. The pillar-first method commences with the pillars,
whereas the membrane-first approach initiates with a sacrificial layer-supported membrane (Figure
6.1a). Both process flows progress to the conformal sacrificial layer deposition (Figure 6.1b), which
sets the gap’s parameters. The subsequent steps in both methods, encompassing material depo-
sitions (Figure 6.1c), etch-back (Figure 6.1d) and sacrificial material release (Figure 6.1e), are relatively
analogous but tailored to their respective starting points.
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Figure 6.1: High-level process flow comparison between pillar- and membrane-first self-aligned process flow. (a)
starting with pillars or sacrificial-layer supported membrane, (b) sacrificial layer deposition that defines the final gap
between membrane and pillar, (c) directional etch of the sacrificial layer to remove bottom deposition and only keep on
sidewalls, membrane/pillar material deposition, (d) etch-back (e) sacrificial material release

Both the membrane-first and pillar-first fabrication techniques hinge on a critical filling step for struc-
turalintegrity and functional performance. In the membrane-first technique, pillar material is infused
into the etched holes, while the pillar-first technique involves a two-step process. Firstly, a sacrifi-
cial material fills the spaces between the pillars, followed by the membrane material. To assess the
quality and completeness of the fill, various deposition techniques were systematically evaluated
using nanoscale trenches designed with a high aspect ratio of 2.5. This aspect ratio was chosen for
its potential to represent a wide range of manufacturable geometries.

Figure 6.2 provides a graphical representation to supplement this evaluation. The figure delineates
the distinct filling outcomes when using various deposition methods such as Plasma Enhanced
Chemical Vapor Deposition (PECVD), Low-Pressure Chemical Vapor Deposition (LPCVD), sputter-
ing, evaporation, and spin-coating. In particular, LPCVD aSi achieves high conformality, making it
an ideal choice for achieving a seamless fill (See Fig. 6.2a). On the contrary, methods like Sputtered
aSi (See Fig. 6.2b) and PECVD SiO, (See Fig. 6.2c) struggle with overhang buildup, limiting their
filling capability. Spin-coated HSQ initially shows promise but ultimately falls short due to thermal
stress-induced cracking during the baking process (See Fig. 6.2d). Meanwhile, Spin-coated PR
succeeds in filling the trenches effectively without such issues (See Fig. 6.2e). Az 10 XT, AZ 1512,
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and AZ ECI were tested, and all resulted in identical filling and planarization properties. Thermo-
evaporated Perylene and Evaporated SiO, fall short in various aspects; the former fails to fill the
trenches entirely (See Fig. 6.2f), and the latter encounters issues with overhangs that hinder further
filling after an initial fill (See Fig. 6.29g).
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Figure 6.2: Deposition Method Comparison for Trench Filling: (a) LPCVD aSi, 500°C; (b) Sputtered aSi (Pfeiffer SPIDER
600, 800W, DC); (c) PECVD SiO, (PECVD OPT 100, 300C, 2% SiH4/N2, 1000 mTor); (d) Spin-coated HSQ (XR1541 006,
2000 rpm); (e) Spin-coated PR (AC ECI); (f) Thermo-evaporated Perylene; (g) Evaporated SiO-.

While spin-coated PR could be used as a sacrificial structural material to be filled between the pillars,
the membrane-first approach is chosen since it only requires 1 material filling step (the pillars) over
at least two (structural sacrificial layer and membrane material) for the pillar-first method. In addition,
the membrane-first approach allows for easier control of the membrane flatness. In the following
another method to fill the holes of the membrane with aSi is presented.

6.1. Collimator Sputtering

Magnetron sputtering has emerged as the predominant method for thin film deposition [204]. Its
significance is evident across industries that require superior coatings, either to introduce novel
products or to enhance the quality of current ones. However, as depicted in Figure 6.3 when using
sputtering to fill holes or trenches, overhang buildup at the entry points can lead to subsequent
shadowing effects up to complete closure, essentially blocking further depositions at the bottom.
A method to partially reduce these overhangs involves a physical filtration mechanism, a sieve-like
construction, to selectively screen off-axis particles prior to impingement on the substrate. The goal
is to reduce the angular dispersion of incoming sputtered particles, thus termed “collimator”[205].
The improvement in deposition directionality comes at the expense of lower sputtering rates since
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the filtration process acts as a barrier to particle throughput.
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Figure 6.3: Cross-sections SEM images of silicon nano-trenches after amorphous silicon sputtering. Deposition
thicknesses shown are 200 nm, 300 nm, 400 nm, and 500 nm. Overhang build-up due to the angular distribution of
incoming particles creates a shadowing effect, essentially blocking further deposition into the trenches. DC Magnetron
Sputtering, Pfeiffer SPIDER 600, 800 W, 29 sccm 02, DC source, room temperature

6.1.1. Analytic Model

An analytical model is introduced to assess the impact of collimator design on the sputtering pro-
cess, slightly extending the foundational work by Jeffrey Cook[206]. Unlike Cook’s model, the here-
after presented approach accounts for the spherical dispersion of material as it is ejected from the
target. This additional consideration allows for a more accurate understanding of how the concen-
tration of sputtered material per unit area on the wafer diminishes as it disperses. It's important to
note, however, that the model is still a significant simplification of the actual process. It assumes
that every point on the wafer will exhibit the same flux, and does not account for corner effects,
non-uniform target erosion, re-sputtering or secondary sputtering due to energetic ions hitting the
wafer, gas dynamics and mean-free paths, substrate temperature or rotating and moving substrates.
Despite these simplifications, the model allows a first intuitive understanding of the main variable
involved in collimator sputtering.

To compute the flux F(r, z) of sputtered material impinging on the wafer center, the target surface
is visualized as a collection of infinitesimal rings. It is stipulated, that for every minuscule point on
these rings, material disperses following a cosine distribution, signifying maximum deposition di-
rectly below the sputtering point with decreasing intensity off-axis based on the cosine law. As this
material travels, it spreads hemispherically, causing the density of arriving material at any point on
the wafer to decrease, being inversely proportional to the square of its distance from the emission
source. The total amount of particles reaching the center of the wafer after being emitted is com-
puted by integrating all these concentric rings. The integration accounts for the cosine distribution
and the geometric hemispherical dispersion, as detailed in Figure 6.4.

Wafer ﬁ“

Figure 6.4: Schematic Drawing to visualize variables employed to model the particle flux.
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where:

e 27rdr is the infinitesimal area of each ring,

e cos(f) represents the distribution of the material as it departs from the target, with 6
being the angle between the ejection point and the wafer’s center,

. Wﬂrzg) indicates the decrease in material density as it moves away from the target,
which is essentially the inverse of the area of a half-sphere.

F(r, z) represents the total number (or amount) of particles that have been emitted from a circular
area of radius r on the target and that end up hitting the center of the substrate located at a height

z from the target. Further cos(f) = ﬁ thus equation (4) can be written as:

z 1
Vit 22 (i )

= Z/T A dr
0 (12 + 22)%?

s

F(r,z) = [ 2nr dr

S . (6.2)

Vr2 4+ 22|, Vre 4+ 22 )
In the context of nano-trench filling via sputtering, a critical parameter is the accessibility of sput-
tered material to the trench bottom. The geometric constraints dictate that only material with an
angular deviation less than or equal to 6yench = arcTan(1/AR), can effectively reach the trench bot-
tom, where AR denotes the aspect ratio of the trench. Consequently, using basic trigonometry, this
condition is fulfilled when:

z

Thus, the fraction of material making it to the bottom can be computed as follows:
Flazs) )
VAR vy +22
AR T i 64
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where:
e Risthe radius of the target itself,

For example, a fraction of 17.16% is obtained when the target has a diameter of 200 mm (R = 100
mm), the wafer spacing is 50 mm (z), and the trench has a 2:1 aspect ratio. Visualizing the fraction
in Figure 6.5, one can perceive that the equation mimics the intuition that larger aspect ratios will
yield a smaller fraction, and distancing the sample from the target improves the fraction.

The fraction of material calculated to reach the feature bottoms, as determined by equation 6.4,
signifies the most favorable situation one can expect. However, this percentage is often overesti-
mated due to the tendency of sputtered atoms to cluster predominantly at the edges of features,
thereby constricting the openings as the deposition process progresses. As a result, with the film’s
increasing thickness, the actual probability of atoms making it to the bottom of the features dimin-
ishes steadily.
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Figure 6.5: Fraction of sputtered material reaching trench bottom.The color scale represents the relative sputtering
efficiency between 0 and 1. The plot assumes a cosine sputtering distribution, with z ranging from 10 mm to 200 mm and
AR ranging from 1to 10. The ’jet’ color map is used to better visualize the variations, where darker colors indicate lower
efficiency and brighter colors indicate higher efficiency. R = 100mm.

Utilizing a collimator, trench-filling can be improved by selectively permitting the passage of atoms
that have incident angles below a certain threshold. If said collimator is used, a correction fac-
tor needs to be added to the calculation of the flux. Not only does the collimator limit the angular
spread but also the quantity. As visualized in Figure 6.6 the material beam cross-section that can
pass through effectively depends on the angle of incidence. The largest effective opening can be
computed as such[206]:

d' = (d — htan(9)) (6.5)

d=d— dAch (6.6)

The fraction of atoms T' passing through the collimator at an angle with respect to normal incidence
can thus be given as:

' d—dAR.E
po@ a0 4RT (6.7)
d d z

In analogy to equation (4), the flux of atoms can thus be written as:
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Figure 6.6: Schematic visualization of variation of the pass-through beam of material at an incline. Left:
Cross-sectional view, Right: three-dimensional top-down view at an incline; d is the original collimator diameter, d’ is the
largest opening distance, when reaching the collimator hole at an incline 6

Computing the integration, the general flux amounts to:

z AR, z

It can easily be verified that "removing” the collimator by having AR. = 0 equation 6.4 is retrieved.
In the analysis of collimated sputter deposition, it's crucial to consider the maximum flux of atoms
that can pass through the collimator, which acts as a limiting factor. This upper limit is defined by:

VA

Féollimator =F (E’ Z, ARC) (6.10)

Further, the flux that reaches the bottom of the trenches on the wafer is given by:
, Z
wafer - F m, Z, ARC (611)

And the total flux reaching the collimator from the target:

FTotaI = F(R, z, 0) (612)

To construct a rigorous mathematical model for flux behavior, it is imperative to enforce constraints
that are aligned with the underlying physics. Specifically, the flux values defined by equations (6.10)
and (6.11) must be restricted to non-negative numbers. The constraints are:
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Fcollimator = max (07 min (Féonimatora FTotaI)) (6-13)
Fwafer = max (07 min (Fv/vafen Fcollimator)) (6-14)

The total material fraction reaching the wafer can be computed as:

ftotal _ Fcollimator (6.15)
Ftotal

Further, an effectiveness ratio n has been introduced to evaluate the flux reaching the bottom of a
feature relative to the maximum possible flux deliverable by the collimator. This ratio is formulated
as:

= teter (6.16)
Fcollimator

The effectiveness ratio n quantifies the efficiency with which the collimator-assisted sputter depo-
sition process fills a given feature, accounting for both the geometrical constraints of the feature
itself and the limitations imposed by the collimator. A value of n approaching 1 indicates that all
atoms passing through the collimator can reach the bottom of the trench, possibly allowing for an en-
hanced trench filling. a critical modification is implemented in the computational model to address
certain non-physical scenarios. Specifically, the effectiveness ratio with a collimator ( ncolimator ) iS
compared against that without a collimator (7no colimator )- In iNstances where 1olimator falls below
o collimator » the latter is returned instead, adhering to the physical principle that the introduction of
a collimator cannot degrade the filling efficiency below what could be achieved without one.

Effectiveness Ratio and Total Material Fraction vs. Aspect Ratio of Collimator
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Figure 6.7: Effectiveness Ratio (1) and Total Material Fraction ( fiota ) @s Functions of Collimator Aspect Ratio
(AR.). Atarget radius of R = 120 mm, and height of z = 50 mm is used for visualization purposes, with trenches having
aspect ratios of 1 and 2 respectively. The orange-shaded region indicates the range of AR, values where the collimator has
negligible influence on the flux. The dashed black line represents fiota, @and provides a reference for the maximum
possible material that could pass through the collimator.
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In Figure 6.7, it is observed that optimal trench filling is achieved when the aspect ratio of the col-
limator is meticulously matched with the intrinsic aspect ratio of the trench. Additionally, the de-
scending trajectory of the dotted line, which signifies the fraction of material reaching the bottom
of the trench, transitions from unity to zero as the aspect ratio of the collimator (AR,) is increased.
This trend highlights a notable limitation of collimators, particularly their considerable reduction in
deposition rate. The model allows for a first intuitive understanding of the main collimator design
variable which is its aspect ratio. It needs to be noted that the model assumes collision-free parti-
cle trajectory, no temperature dependence and that particles stick directly upon impact. To improve
the models used for real-world applications, it can be further enhanced by adding collimator passes
through probability ppass Which in a first simple form can be defined by the effective area ratio of the
top circles created by the holes versus the full top surface[207]. Equation 6.17 computes the value
for a hexagonal array of holes (see Figure 6.8):
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Figure 6.8: Analysis of the Collimator Support Structure: (a) A depiction of the hexagonal pattern. The blue-shaded
regions represent pass-through areas, with their ratio to the entire matrix area defining the pass-through probability. (b)
Lateral perspective showcasing the impact of the distance between the collimator and the wafer. Here, d denotes the
diameter of the collimator hole opening, while D’ symbolizes the expanded deposition diameter due to dispersion at a
maximum angle of 6. This results in an effective deposition width increase of 2A.
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Further, the distance of the collimator from the wafer also plays a role. The solid, non-perforated
sections of the collimator obstruct the passage of incoming particles. In that sense, the operation
of collimators parallels the principles of stencil lithography. Particles arriving at more oblique angles
effectively expand or “blur” the deposition circle. While blurring is a limitation of stencil lithography
diminishing the resolution, in the context of collimators, such blurring is a sought-after effect to
obtain a uniform surface profile. For a single hole, the deposition diameter is given by:

D' =d+2A
=d+2((H +t)tan(0) — d)
=2(H +t)tan(d) — d

=2(H +1) d

AR,
OH

= AL, (6.18)
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From equations 6.17 and 6.18 it becomes clear that to enhance deposition uniformity for a speci-
fied AR, there’s a need to minimize the pitch P between the holes and position the collimator at a
maximal distance H above the wafer. However, it's crucial to maintain a balance, as bringing the col-
limator closer to the target leads to a decline in the total material fraction f;,.,; reaching the wafer.
The reason is that as we approach the dispersion of atoms hitting the collimator at larger angles
from the normal increases, in comparison, relative to that, the total material that passes through n
declines.

6.1.2. Experimental Implementation

An aluminum- and teflon-based collimator are fabricated, displayed in Figure 6.9a, b. The collima-
tors consist of two parts, a base structure, and a collimator grid. This design allows to precisely
position the collimator over chips, and then close the system with the top grid (see Figure 6.9c). For
both types of materials used, the collimator grid is designed with holes that have a diameter of 1 mm,
a period of 1.2 mm, and a height of 3 mm. This design results in an aspect ratio of 3 for the collimator.
Several stereolithographic 3D printed collimators were fabricated using RC70, a ceramic-particle-
infused photoresist resin that can tolerate temperatures up to 100°C. These devices were utilized
for preliminary evaluations, particularly to assess the clearance of the deposition chamber entry slot
(see Figure 6.9d) constraining the maximum height of the collimator to 8 mm taking the base thick-
ness of the carrier wafer into account. For ease of reusability, the collimators were simply taped to
the carrier wafer (see Figure 6.9¢).

(a) (b)

Figure 6.9: Implantation of Collimator: (a) Aluminum-based collimator, (b) Teflon-based collimator, both with an aspect
ratio of 3. (c) The collimator design consisting of a base structure and a top grid, allowing precise positioning over chips. (d)
Stereolithographic 3D printed collimators using RC70, showing the deposition chamber entry slot. (e) Collimators taped to

the carrier wafer for ease of reusability.

To test the deposition efficiency silicon chips with an array of trenches having varying aspect ratios
were fabricated (see Table 6.1) using e-beam lithography and subsequent DRIE etching. Two trench
arrays are fabricated with smaller and larger pitches to test for local effect.
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Table 6.1: SEM-based measured trenches geometry. All trenches consistently exhibit a depth of approximately 540 nm.
Derived measurements may bear slight variations due to factors such as calibration, imaging conditions, and operator
interpretation.

No°

Pitch (nm)

AR

N Width (nm) | Pitch (nm) | AR Width (nm)
1 900 300 06 | 5 230 300 234
2 593 300 091 | 6 226 100 2.38
3 457 300 118 | 7 216 500 25
4 319 300 1.69
No Collimator Collimator No Collimator Collimator

Figure 6.10: Cross-sectional SEM images displaying aSi deposition into trenches of varying aspect ratio (AR) with
and without collimator. Deposition duration 4 min (no collimator) and 59 min (with collimator). The AR are: (a) 0.6, (b) 0.91,
(c) 118, (d) 1.69, (e) 2.34, (f) 2.38, (g) 2.5. The pitch for trenches (a) - (e) is 300 nm, for trenches (f) 100 nm and for trenches (g)
500 nm. The deposition rate without a collimator is approx. 110 nm/min, with collimator the deposition rate is slowed to
approx. 10 nm/min. Machine: DC Sputtering at B00W with a flowrate of 29 sccm of Argon, 5.10-7 mbar, planar 200 mm
target.

As can be seen in Figure 6.10 the produced collimators do improve the trench filling. Considering
that the fabricated collimators have a pass-through probability of 63%, and a total material frac-
tion fiotal 0f 0.09 (AR, = 3,z = 42 mm, R = 100 mm), a deposition rate of 0.63  0.09 * 110 nm/min =
6.2 nm/min is computed, which is well within the order of magnitude of the measured 10 nm/min.
Figure 6.11 shows the increase in trench filling ratio by utilizing the collimator ( AR = 3) compared to
no collimator. For higher trench aspect ratios the increase is less pronounced, however for aspect
ratios close to unity, the filling ratio is improved by approximately 3 times.
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Figure 6.11: SEM measured trench filling percentage of the tested nano-trenches for both open sputtering and
with collimator.

While the results do show improvement in filling compared to pure DC sputtering, the outcome is
not yet the clean void-free filling that would compensate for the much reduced deposition rates
and added fabrication complexity. Thus it is decided to fabricate the scaling-up proof-of-concept
prototype using LPCVD which has shown excellent conformal void-free filling.

6.2. Proof-of-concept: Scaling
The following section outlines the experimental investigation of a membrane-first approach, a pro-
cess flow that would allow for a scalable process.

6.2.1. Optics

Again, the geometry for this prototype is found through gradient-free optimization coupled to RCWA
simulations. Figure 6.12 shows the simulated reflection spectrum in both idle (membrane at 0 nm
displacement) and actuated (membrane at 100 nm displacement) states. Evaporation of a 5nm
layer of aluminum not only improves the electrical conductivity of the membrane but also improves
the optical performance, essentially going from a contrast ratio of 1:6 to 1:8. This is mainly due to
the increased reflectivity in the idle state. The contrast ratio is not yet within the one reported for
a newspaper, i.e. 15:1 (see Figure 2.2), however, it should already yield good outdoor visibility (see
Table 2.1 for reference).
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Figure 6.12: Simulated reflection spectra for LPCVD-filling prototype. Idle membrane position with O nm, and actuated
membrane position of 100 nm is shown, both with and without evaporated 5nm of Al layer.

6.2.2. Process-Flow and initial short loop experiments

The high-level fabrication process is outlined in Figure 6.13 (a detailed runcard is given in the ap-
pendix A.6). A low-resistance silicon (Si) wafer substrate is used for optimal grounding during the
electrostatic actuation of the membrane. Upon this substrate, a specific sequence of material lay-
ers is initially deposited, as shown in Figure 6.13a. The composition of these layers begins with a
dielectric oxide layer serving as an electrical isolation layer. This is followed by an amorphous sil-
icon (aSi) layer, designed to protect the dielectric layer from being etched during the final MEMS
hydrofluoric (HF)-vapor release step, depicted in Figure 6.13g. Subsequently, a second SiO, layer is
applied to act as the sacrificial layer, accompanied by an aSi membrane layer and a final thin SiO,
buffer layer. Following the deposition steps, etching processes are executed to create holes in both
the membrane and the sacrificial layer for the pillars, as shown in Figure 6.13b. To define the gap
between membrane and pillar, a conformal Atomic Layer Deposition (ALD) of SiO, is performed, il-
lustrated in Figure 6.13c. This procedure is critical for achieving potentially narrow gaps. The SiO,
deposited at the bottom of the holes via ALD is then removed to ensure that the pillars remain an-
chored to the substrate during the subsequent HF vapor membrane release step, shown in Figure
6.13¢g. Following this, the LPCVD process is implemented to fill the etched holes with the designated
pillar material, as depicted in Figure 6.13e. This is followed by an etch-back procedure, shown in Fig-
ure 6.13f. In this step, the LPCVD-deposited material is etched back until only the material within
the holes remains. The SiO, buffer layer allows for a slight over-etch without damaging the mem-
brane. Finally, the MEMS device is released using HF Vapor, and 5 nm of aluminum is evaporated,
as shown in Figure 6.13h.
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(a) — (C)

|

(2)

Conformal SiO2

Figure 6.13: LPCVD-filling process flow. (a) Material deposition, (b) hole etch, (c) ALD SiO, conformal deposition, (d) ALD
SiO3 etch back for bottom removal, (e) LPCVD filling, (f) etch back and (g) HF vapor etch, (h) Al evaporation.

In an effort to reduce post-release deflection, as observed in the disk-membrane prototype, two
distinct membrane thicknesses are investigated, specifically 50 nm and 200 nm. While the initial
intention is to deposit all layers at approximately the same temperature using aSi LPCVD for the
membrane and LTO for the sacrificial oxide, this procedure is only executed for the 50 nm sam-
ple. Owing to constraints in machine availability, a transition from Low-Pressure Chemical Vapor
Deposition (LPCVD) to Plasma Enhanced Chemical Vapor Deposition (PECVD) is implemented for
fabricating the thicker membrane. In this revised process, PECVD amorphous Silicon (a-Si) is uti-
lized for the membrane material, and PECVD Silicon Dioxide (SiO,) is employed for the sacrificial
layer. This alteration, while expediting the experimental timeline, introduces a variation in depo-
sition conditions. Consequently, alongside the change in thickness, the deposition temperatures
and materials have transitioned, making a direct comparison solely based on thickness unfeasi-
ble. It is observed that these parameters significantly affect the residual stress profile and, in turn,
the post-release behavior of the microbridge. A simplified process flow design is adopted for both
membrane configurations to maintain a focused investigation. The fabrication steps are limited to
the deposition of the sacrificial oxide and the membrane material. Subsequently, the membranes
are patterned using e-beam lithography and are released, without the introduction of pillars, which
are considered non-impactful to the post-release bending behavior under investigation. Figure 6.14
illustrates the contrasting post-release deflection behavior between the two membrane configura-
tions across varying microbridge lengths, as captured by Digital Holographic Microscopy (DHM).
Panel (a) displays a consistent upward bending for the 50 nm LPCVD a-Si membrane across all
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lengths. Conversely, panel (b) reveals a distinct behavior for the 200 nm PECVD a-Si membrane:
remaining relatively flat up to a 20 um length, beyond which a downward bending is observed. The
differing post-release behaviors underscore the pivotal role of deposition methods and thicknesses
in governing the residual stress distribution in MEMS devices. As a flat membrane post-release is
desired, the 200 nm PECVD design is retained.

@) Membrane Thickness: 50nm (LPCVD) ®) Membrane Thickness: 200nm (PECVD)
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Figure 6.14: DHM measurements of microbridge deflections of different lengths. Residual stress leads to the bending of
the membrane post-release. (a) membrane thickness of 50 nm LPCVD aSi membrane on 150 nm LTO, (b) membrane
thickness of 200 nm PECVD aSi membrane on 150 nm PECVD SiO».

Figure 6.15 presents a series of Scanning Electron Microscopy (SEM) images, illustrating the fabri-
cated membranes designated for post-release bending examination. In Figure 6.15a, a slight up-
ward deflection is discernible on the LPCVD sample with a membrane thickness of 50 nm and a
length of 10 yum. Transitioning to panel b, the relatively reduced quality in panel a compared to the
other picture is because slower SEM scans result in membrane bending due to charging effects.
Nevertheless, the essence of a slight upward bending can be seen. In Figure 6.15b, the PECVD
sample, identical in dimensions but with a thicker membrane of 200 nm, exhibits no visible deflec-
tion, underscoring the impact of membrane thickness on post-release stability. Lastly, Figure 6.15¢
presents a distinctive scenario where the 200 nm PECVD sample, extended to a length of 20 ym,
demonstrates a downward bending. The bending behavior is further accentuated in the inset im-
ages at the edge and in the middle of the microbridge, providing a closer examination of the deflec-
tion. The width of all samples is maintained at 7 um.
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Figure 6.15: SEM images of fabricated membranes for post-release bending test. (a) membrane thickness of 50 nm and a
length of 10 um, LPCVD sample with LTO sacrificial layer. (b) membrane thickness of 200 nm and a length of 10 um, PECVD
sample with PECVD oxide sacrificial layer. (c) membrane thickness of 200 nm and a length of 20 um, PECVD sample with
PECVD oxide sacrificial layer, bends downward as depicted in the inset pictures at the edge and in the middle of the
microbridge. All samples have a width of 7 um.

6.2.3. Fabrication Results

In the following, the fabrication steps are outlined. Figure 6.16 shows a cross-sectional SEM image
of all PECVD-deposited layers. The deposition is carried out at 300°C, 1000 mTorr pressure, using
SiH4/N; for aSi and SiH4/Ns - N, O for SiO,. From the bottom to the top, one can distinguisha185 nm
layer of insulating oxide, followed by an 85 nm aSi protection layer, then a 130 nm sacrificial oxide
layer, the membrane layer, here 195 nm thick, and an oxide protection layer of 60 nm. The deposition
would need to be further calibrated to have values closer to the simulated design, but as this is for a
proof of concept of the fabrication, the values are deemed close enough. The last layer on the very
top is the e-beam resist CSAR used as a mask during the etching of the holes.
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Figure 6.16: Cross-section of SEM image of deposited layers: 185 nm PECVD SiO5, 85 nm PECVD aSi, 130 nm PECVD aSi,
195 nm PECVD aSi, 60 nm PECVD SiO, and e-beam resist CSAR. Deposition Machine: Oxford Instruments PlasmaPro 100
ICPCVD

Next, the holes are etched. Figure 6.17 shows a cross-sectional image after completing the etching
process. Sequential etching is employed to etch through the top protective oxide layer, the aSi
membrane layer, and the sacrificial oxide layer. The aSi is etched using inductively coupled plasma
(ICP). Similarly, the SiO, etching is carried out in an ICP-based high-density plasma using a mixture
of C4Fs/Hy/He gases.

Figure 6.17: Cross-Section SEM image of the membrane after etching steps. Holes dimensions: period: 400 nm, diameter:
240 nm. Machines: aSi etching was carried out using Alcatel AMS 200 SE, oxide etch using the SPTS Advanced Plasma
System (APS)

One can observe a slight tilt in the etch profile of the aSi, which can be improved through proper
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process parameter tuning. However, for this initial demonstration, further refinement is deemed
unnecessary as the incline of the sidewalls does not adversely affect the membrane movement
once the holes are filled with the pillars, which will naturally conform to the shape of the holes. Once
the etching has been completed, the conformal SiO, is applied using atomic layer deposition at
200°C. Figure 6.18 shows a cross-sectional SEM image of cleaved trenches with different aspect
ratios that have undergone ALD SiO, deposition. For better visibility under the SEM, the ALD layer
has a thickness of 40 nm. Thinner layers are easily applicable, but for demonstration purposes, this
thickness is chosen.

Figure 6.18: Cross-sectional SEM image of cleaved nano trenches after ALD SiO5 deposition. Deposition thickness 40 nm.
ALD machine: BENEQ TFS200

To anchor the pillars to the substrate during the HF vapor release of the membrane, the pillars must
not have any oxide underneath them. Thus, directional etching is applied to remove the oxide at
the bottom of the holes. A standard fluoride-based etching recipe is used, and the ending time is
carefully calibrated to retain the oxide on the sidewalls while removing it at the bottom, as depicted
in the inset of the etch rate calibration plot shown in Figure 6.19. For 30 nm of ALD, SO, an etching
time of 14 seconds was used.
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Figure 6.19: Etch rate calibration plot with an inset depicting the directional etching to remove oxide at the bottom of the
holes while retaining it on the sidewalls. Machine: SPTS Advanced Plasma System (APS)

Finally, the samples are subjected to LPCVD aSi at 500°C, conformally depositing approximately

350 nm. Figure 6.20 shows a cross-sectional SEM image. One can still clearly see the ALD layer as
well as the perfect void-free filling.

— 200 nm ! —200 nm

Figure 6.20: SEM cross-sections of trenches post LPCVD deposition. (a) top-down view onto cross-section, tilt angle 0°.
(b) 25° tilt angle shows LPCVD dip at trench opening. Machine: Centrotherm Furnace

Following the LPCVD deposition, the material is etched back using lon Beam Etching (IBE), based
on the cross-sectional SEM measurements of the LPCVD a-Si thickness and calibrated IBE etch
rates. It's at this step that the buffer SiO, layer is useful to avoid damaging the membrane layer if
an over-etch occurs. Figure 6.21 shows a few filled membrane holes after the etch-back. One can
clearly see the ALD SiO, layer shown here as dark rings.
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Figure 6.21: SEM image of LPCVD aSi filled membrane holes after IBE etch back. The dark ring around pillars is the thin
ALD SiO; layer. Machine: Veeco Nexus IBE350

The MEMS device is subsequently released using HF Vapor, and the outcomes are illustrated in
Figure 6.22. It is evident that the self-alignment between the pillars and the membrane has been
executed successfully, clearly revealing the presence of a well-defined gap.
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Figure 6.22: SEM images post HF vapor release. (a) top-down view, one can clearly see the gap between pillar and
membrane created through the HF vapor etching of the sacrificial conformal ALD SiO5 deposition. (b) Titled, 30°, a close
up SEM image of pillars in the membrane, one can see that the membrane top and the pillar top coincide in height. (c) Pixel
array showing the microbridge structures after release. Machine: SPTS uEtch

Finally, for increased conductivity of the membrane as well as improved reflectivity, a 1 nm Ti (adhe-
sion) and a 5 nm Al layer are evaporated. Figure 6.23 provides two perspectives: a cross-sectional
view (Figure 6.23a) and a top-down view (Figure 6.23b). In Figure 6.23a, the cross-sectional view of
the trench filled with LPCVD aSi clearly demonstrates the successful execution of the earlier steps.
The image reveals the gap opening and the removal of the sacrificial membrane-supporting SiO,,
which were crucial for achieving the desired device structure. Additionally, the robust anchoring of
the LPCVD to the substrate is distinctly visible, facilitated by the successful removal of the bottom
ALD SiO,. This anchoring is vital for the structural integrity and functionality of the MEMS device. In
Figure 6.23b, the top-down view of the pillars further validates the process efficacy. Small aluminum
grains are visible, indicative of the Al evaporation process.
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Figure 6.23: SEM images of the device following Al evaporation. (a) Cross-sectional view of the trench filled with LPCVD
aSi, distinctly displaying the gap opening and the removed sacrificial membrane supporting SiO2, along with the solid
anchoring of the LPCVD to the substrate, evidencing the successful removal of the bottom ALD SiOs. (b) Top-down view of
the pillars, with small aluminum grains being visible. Machine: Leybold Optics LAB 600H

6.2.4. Characterization

Despite the apparent successful fabrication, no device showed a color change when applying volt-
ages up to 100 V, upon which dielectric breakdown occurred, as can be seen in the two spark-
induced dark spots on the microscope image in Figure 6.24. Unfortunately, the exact cause of the
non-functioning is not pinpointed. The top-down resistance was measured to be roughly 83 kOhm,
not extensive, but in principle sufficient to induce a voltage drop. A structural resonance character-
ization using Laser Doppler Vibrometry (LDV) yielded no resonance peak.

(a) (b)

0.0012

— Measured Data

0.0010

0.0008

0.0006

0.0004

Current (A)

0.0002

" i - 82
0.0000 [A\crage Resistance: 82.90 kﬂ]

—0.0002

-15 -10 -5 0 5 10 15
Voltage (V)

Figure 6.24: Post-fabrication characterization. (a) DC actuation did not yield any change in color, applying 100 V resulted in
a break-down short circuit shown here with the two dark spots in the microscope image. (b) Current-Voltage measurement
to measure average top-bottom resistance of MEMS device, reported to be 83 kOhm.

Conclusion

In summary, despite the successful fabrication of the device, the intended functionality was not
achieved. Applying voltages up to 100 V did not result in the expected color change, and dielectric
breakdown occurred instead, as evidenced by the two spark-induced dark spots in Figure 6.24. The
precise cause of this non-functionality remains elusive. Although the top-down resistance mea-
sured approximately 83 kOhm, which should have induced a voltage drop, it did not lead to the
desired outcome. Furthermore, efforts to characterize structural resonance using Laser Doppler Vi-
brometry (LDV) yielded no discernible results. This outcome underscores the complexity of MEMS
device development and the need for further investigation to uncover the underlying issues. De-
spite these challenges, the fabrication process demonstrated successful self-aligned assembly of
pillars into holes surrounded by a well-controlled gap.



Conclusion and Outlook

This thesis presents a comprehensive exploration into MEMS-based tunable metasurfaces, with the
objective of modulating surface reflectivity for potential applications in reflective displays for mobile
devices. The research progresses from initial static models to dynamic prototypes, culminating in
insights for scalable manufacturing designs.

1. Static Prototype and Optical Phenomena: The initial phase involved constructing a static
prototype with amorphous silicon (aSi) nanopillars and flat areas, validating the concept of
variable surface reflectivity. The nanostructured areas demonstrated broad spectral light ab-
sorption within the visible spectrum, achieving a high contrast ratio of 1:50 compared to flat
reflective regions. Key optical phenomena such as Mie resonances and interference effects
governing the spectral response were identified.

2. Dynamic Model and MEMS Operation: A dynamic model was subsequently introduced, fea-
turing electrostatic actuation to switch between absorptive and reflective states. Despite the
slow switching time due to aSi’s high resistivity, it successfully demonstrated a transition with
a contrast ratio of 1:3 and a switching time of 54 ms. The research also addressed mechanical
aspects like pull-in voltages and system dynamics.

3. Microfabrication Techniques and Scalability: The thesis then examined microfabrication
techniques essential for scalable manufacturing. Two primary methodologies, "pillar-first”
and "membrane-first,” were scrutinized. The "membrane-first” approach, despite some un-
resolved actuation failures, showed promise for scalable production, incorporating features
like self-aligned pillars.

4. Computational Analysis and Optimization: A significant part of the thesis involved devel-
oping a Python wrapper for commercial RCWA software, integrating advanced optimization
algorithms, including machine learning techniques. This computational framework facilitated
detailed analysis correlating geometric parameters with optical performance metrics.

The investigated tunable metasurface and its fabrication can be improved on multiple fronts. From
a manufacturing standpoint, LPCVD deposition is not compatible with many materials, especially
metals, due to its relatively high deposition temperature. This not only limits the range of materials
that can be used but also poses challenges for CMOS compatibility, which is crucial for the direct
backplane integration of the electrical driving unit for potential displays. High-power impulse mag-
netron sputtering (HiPIMS) could serve as a viable alternative for filling the membrane holes with aSi.
The key advantage over conventional sputtering is the much larger fraction of ionized sputtered ma-
terial, allowing for optimized step coverage [208]. Thanks to the team of Prof. Daniel Lundin from
Linkdping University, Sweden, a nano-trench sample was exposed to HiPIMS sputtering. The cross-
sectional SEM image, depicted in Figure 7.1 and obtained after the deposition, shows promising fill-
ing percentages. For instance, the filling percentage of the trench with an aspect ratio of 1.5 is close
to 60%, compared to 40% with collimators and 20% with conventional sputtering. Such a method
could allow for greater material variability and better potential CMOS compatibility.

78



79

Figure 7.1: Cross-sectional SEM image illustrating nanoscale trenches of 851 nm height with varying widths and their
corresponding filling levels. Trenches widths of 553 nm, 420 nm, 331 nm, 327 nm, 288 nm, 245 nm, 263 nm, and 226 nm
are displayed. The associated filling ratios are 60%, 40%, 36%, 30%, 25%, 21%, 24%, and 18% respectively.

In terms of geometry, there are three further venues to explore. Pillar arrangement does have an
impact on the far field reflection. Moving from a rectangular arrangement to a hexagonal arrange-
ment could slightly improve the optical response, since a hexagonal arrangement provides a more
isotropic response in the plane, compared to a rectangular arrangement. Furthermore, in terms
of period, the present thesis has mostly focused on a period of 400 nm. This value was selected
as the largest possible period without the introduction of diffraction ordered. The focus is on the
visible spectrum of light, which ranges from approximately 400 nm to 700 nm. According to the grat-
ing equation mA = d(sind; + siné,,), where m is the order of diffraction, )\ is the wavelength, d is
the period and 6; and 6,,, are the incident and diffracted angles, respectively, a period smaller than
the shortest wavelength in the visible range ensures that only the 0 order of diffraction occurs
for all visible wavelengths. This eliminates the need to consider higher-order diffraction phenom-
ena, thereby simplifying both simulation and interpretation of the optical properties of the structure.
However, as shown in the static prototype (see chapter 4) very dark states are also achievable with
larger periods. The main benefit of larger periods lies in the fact that it would allow for relaxed fab-
rication constraints. Thus, in the pursuit of developing displays that achieve true black, diffractive
optical elements present both an opportunity and a challenge. While these elements can be engi-
neered to minimize reflection at specific angles, the inherent diffractive nature of these structures
leads to reflection orders that can emerge at other, non-normal angles. This phenomenon poses
a particular challenge: How can one ensure that the display appears uniformly dark from multiple
viewing angles? To address this issue, it is proposed to undertake a comprehensive simulation-
based analysis. The objective would be to map the angular brightness distribution of the structure
by calculating the diffraction patterns for a broad range of incident light angles. By quantifying the
maximum reflection, a viewer could experience over all angles, a threshold can be defined below
which the reflection is considered to be 'dark’ or 'black’. This rigorous, threshold-based evaluation
allows for an informed, objective assessment of the display’s performance across varying condi-
tions of illumination and observation. Adopting such a simulation framework can significantly aid
in the optimization and engineering of diffractive structures that both allow for larger structures to
be fabricated, thus relaxing fabrication constraints, while providing good optical performance at all
orders. Next to the pillar arrangement and the period, there is a third variable that might be worth
of further investigation: the shape of the pillar. Specifically, due to the self-aligned process flow, pil-
lar base shapes beyond a simple circle are possible. This can potentially lead to higher absorption
and/or increased angle insensitivity[209].

To summarize, this thesis provides a comprehensive investigation into the design, fabrication, and
characterization of a MEMS-based tunable metasurface based on tunable surface morphology, with
potential applications in reflective displays. It presents a scalable manufacturing process, substanti-
ated by experimental data, and includes a significant computational component that aids in design
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optimization. The results indicate promising avenues for future work, particularly in the areas of
material science, fabrication techniques, and computational methods. While challenges remain in
achieving faster switching times, CMOS compatibility, and better optical performances, the ground-
work laid by this thesis forms a robust platform for future innovations in tunable MEMS-based meta-
surface technology. In addition to the avenues for future work already identified, it is essential to
address the aspect of optical packaging. The development of effective optical packaging solutions
will be crucial to enhance the practical applicability and durability of the MEMS-based tunable meta-
surfaces, ensuring that they meet the demands of real-world applications.
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Appendix

A.l. State of the art - Comparison Table

Type Reflectance Contrast Frequency Dots Per Inch Refresh  En-
(%) (Hz) (DPI) ergy Density
(mJ/em?)
Electrophoretic Microcapsule 35[173] 23[173] 21[174] 226[178] 0.58[178]
44[172] 15[172]
43[178] 14[178]
Electrophoretic Total Internal Reflection 55(65] 20[179] 28[65] 212[179] 0.029[67]
83[179] 16[67] 30[179] 227[67]
40([67]
LCD Reflective 9[184] 25[184] 60[184] 69[184] 0.03[184]
LCD Cholesteric 30[175] 10[175] 25[91] 0.8[01] 100[91] 27197
35[91]
Electrowetting 40[210] 1.7[176] 62[176] N/A 0.013[210]
65[176] 33[31] 56[31]
55[211]
MEMS Interferometric Modulator 17[103] 80%[103] 40 Hz[212] 224[103] 0.05[103]
MEMS Continuous Color Reflective 90[99] 30[101] 120[101] 364[101] 0.004[101]
Phase Change Z4[160] 2.5[160] 2[41] N/A 104160]
Electrochromic 40[177] 12[177] jlikgg] 200[213] 11[180]
47[180] 10[180]
Tunable Photonic Crystals 60-30[169] N/A 1[169] N/A N/A
0.125[214]
20[30]

Table A.1: Comparative study of performance metrics of reflective display technologies

The refresh energy density is usually not directly given in the references cited but is computed from
given power consumption, active area, and frame refresh time. Since some technologies are more
experimental, not all data is available.

A.2. Derivation of reflection form hemisphere

The amount of light reflected at an interface between two media with different refractive indices,
n1, and ns, can be derived using the Fresnel equations. The power reflection for s and p polarized
light can be derived using the Fresnel Equations and Snell’s law. For s-polarized light, the reflection
coefficient Rg is given by:

n1€os (6;) — na cos (62)\°
= (AD)
n1 COS (01) + ny €OS (62)
For p-polarized light, the reflection coefficient R, is given by:
n1€os (63) — ny cos (A1) \°
= A.2
By (nl cos (6;) + no cos (1) (A-2)

In many cases, when analyzing the effects of light, it is necessary to consider unpolarized light. This
type of light is composed of equal parts of both the s and p polarizations, resulting in an effective
reflectivity that is the average of the two reflectivities.

1
Reft = §(Rs + Rs) (A3)
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Under normal incidence, the equation for the reflection R can be simplified to:

2
Rw—<m_w> (A.4)

ny + no

Clearink does not use a flat surface as a reflective element, but a semi-sphere:

@ reflected light rays

bright annulu

dark center

Figure A.1: Hemisphere as TIR element. (a) Schematic cross-section showing of total reflected light within a semi-sphere,
(b) top view showing bright region (TIR) and dark center (transmission) [65]

The fractional amplitude between reflected light (due to total internal reflection) and the transmitted
light is equal to the ratio of the bright area to the total hemisphere area.

Apright
— A.5
ATotaI ( )

dA

Figure A.2: Schematic representation of a hemisphere with radius R, distance from center line r, 1D segment ds, spanned
by the infinitesimal angle d¢, and the infinitesimal strip area d A.

In general, the area of a slice of the hemisphere is:

dA = 27rds = 2mrRd¢ = 21 R* cos(¢)d¢

A= /0 ’ 27 R? cos(¢)d¢ = 2r R? sin(¢) (A0)
Relating ¢ to the incidence angle 8 between light rays and surface normal:
b="7-0 (A7)
We get:
A = 2 R? cos(¢) (A.8)

The area in which total reflection occurs, Agight, is:

2
Apright = 2 R? cos (arcsm ( )) =27R*|1— (nZ) (A.9)
nq nq
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The fractional amplitude thus becomes:

. Apright —.J1— <@>2 (A10)

ATotaI ni

The fractional amplitude coefficient » must be squared to get reflection intensity for normal incident
light:

2
R=1-— (@> (A1)

ni

A.3. Modified pyswarm Python package

© O N O o » O N o

from __future__ import division
import numpy as np

import sys

import re

import time

import matplotlib.pyplot as plt
import matplotlib
matplotlib.use('Qt5Agg")

def pso(func, 1b, ub,initial_param=[], ieqcons=[], f_ieqcons=None, args=(), kwargs={},
swarmsize=100, omega=0.5, phip=6.5, phig=0.5, maxiter=100,
minstep=1e-8, minfunc=1le-8, debug=False, use_initial_param=False, plot_score=False):

Pexform a particle swarm optimization (PSO)

Parameters

func : function

The function to be minimized
1b : array

The lower bounds of the design variable(s)
ub : array

The upper bounds of the design variable(s)

Optional

ieqcons : list
A list of functions of length n such that ieqcons[j](Xx, *args) >= 0.0 in
a successfully optimized problem (Default: [])

f_ieqcons : function
Returns a 1-D array in which each element must be greater or equal
to 0.0 in a successfully optimized problem. If f_ieqcons is specified,
ieqcons is ignored (Default: None)

args : tuple
Additional arguments passed to objective and constraint functions
(Default: empty tuple)

kwargs : dict
Additional keyword arguments passed to objective and constraint
functions (Default: empty dict)

swarmsize : int
The number of particles in the swarm (Default: 100)

omega : scalar
Particle velocity scaling factor (Default: ©0.5)

phip : scalar
Scaling factor to search away from the particle's best-known position
(Default: ©.5)
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phig : scalar
Scaling factor to search away from the swarm's best known position
(Default: ©.5)
maxiter : int
The maximum number of iterations for the swarm to search (Default: 160)
minstep : scalar
The minimum stepsize of swarm's best position before the search
terminates (Default: 1e-8)
minfunc : scalar
The minimum change of swarm's best objective value before the search
terminates (Default: 1e-8)
debug : boolean
If True, progress statements will be displayed every iteration
(Default: False)

Retuzns

g : array

The swarm's best known position (optimal design)
f : scalar

The objective value at " "g

scores = []

f = open("log_file.txt", 'w+',encoding="utf8")
f.close()

assert len(lb)==len(ub), 'Lower- and upper-bounds must be the same length'

assert hasattr(func, '__call__'), 'Invalid function handle'

1b = np.array(lb)

ub np.array(ub)

assert np.all(ub>1b), 'All upper-bound values must be greater than lower-bound values'

vhigh = np.abs(ub - 1lb)
vlow = -vhigh

# Check for constraint function(s) #HHHHHHHHIHHHAHAHH AR
obj = lambda x: func(x, *args, **kwargs)
if f_ieqcons is None:
if not len(ieqcons):
if debug:
print('No constraints given.')
cons = lambda x: np.array([0])
else:
if debug:
print('Converting ieqcons to a single constraint function')
cons = lambda x: np.array([y(x, *args, **kwargs) for y in ieqcons])
else:
if debug:
print('Single constraint function given in f_ieqcons')
cons= lambda x: np.array(f_ieqcons(x, *args, **kwargs))

def is_feasible(x): # ADDED np.floox() !!
check = np.all(cons(np.flooxr(x))>=0)
if check is not True:
return check

# Initialize the particle swarm #HHHHHHHHHHHHHHAHEHEEEEEHHEHEHEHEERAHEERREE
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S
D

swarmsize
len(lb) # the number of dimensions each particle has

initial_outside_range = False

# INITIAL PARAMETERS

if use_initial_param:
print("Using Initial Parmeters")
print("----------------------- ")

x_initial = np.array([])
for i in range(D):

#Check if initial parameters are within bounds

if initial_param[i]-1b[i] < © oxr ub[i] - initial_param[i] <O:
initial_outside_range = True
sys.exit("Initial Parameters Are Outside Of Upper Or Lower Bounds")

X_initial=np.append(x_initial , (1b[i] - initial_param[i])/(1lb[i] - ub[i]))

Xx_random = np.random.rand(S-1, D)

# particle positions -> values between 6 and 1,used to find particles within the
upper and lower bounds afterwards

np.vstack((x_initial, x_random))

x
[}

else:
X np.random.rand(S, D) # particle positions -> values between © and 1,
#used to find particles within the upper and lower bounds afterwards

v np.zeros_like(x) # particle velocities

p np.zeros_like(x) # best particle positions

fp = np.zeros(S) # best particle function values

g =[] # best swarm position

fg = 1e160 # artificial best swarm position starting value

if plot_score:
plt.figuze()

for i in range(S):
# Initialize the particle's position
x[i, :] = np.floox(lb + x[i, :]*(ub - 1b)) # ADDED np.floox() !!
# Initialize the particle's best known position

pli, :] = x[1, :]

# Calculate the objective's value at the current particle's,
# ONLY IF CONSTRAINTS ARE OK,

# IF NOT -> ASSIGN EXTREMLY HIGH OBJECTIVE FUNCTION RESULT
if is_feasible(p[i, :1):

fp[i] = obj(p[i, :])

if plot_score == True:
# ADDED SCORES
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scores.extend([fp[i]])
plt.plot(scores, marker=".
plt.pause(0.001)

"

, color="k")

else:
fp[i] = fg

# SWARMS BEST POSITIOM
# At the start, there may not be any feasible starting point, so just
# give it a temporary "best" point since it's likely to change
if i==0:
g = p[®, :].copy()

# If the current particle's position is better than the swarm's,
# update the best swarm position
if fp[i]<fg and is_feasible(p[i, :]1):

fg = fp[i]

g = p[i, :].copy()

# Initialize the particle's velocity
v[i, :] = vlow + np.random.rand(D)*(vhigh - vlow)

# Tterate until termination criterion met #HHHHHHHHHHHHHHHAHHHHHEHEHEY

it =1
while it<=maxiter:

Ip np.random.uniform(size=(S, D))
g np.random.uniform(size=(S, D))
for i in range(S):

# Update the particle's velocity
v[i, :] = omega*v[i, :] + phip*xp[i, :]1*(p[i, :] - x[1i, :]1) + \
phig*rg[i, :1*(g - x[i, :])

# Update the particle's position, correcting lower and upper bound
# violations, then update the objective function value
x[i, :] = np.floox(x[i, :] + v[i, :]) # ADDED np.flooxr() !!

markl = x[1i, :]<lb
mark2 = x[i, :]>ub
x[1i, markl] = lb[markl]
x[1, mark2] = ub[mark2]

# Calculate the objective's value at the current particle's,
# ONLY IF CONSTRAINTS ARE OK,

# IF NOT -> ASSIGN EXTREMLY HIGH OBJECTIVE FUNCTION RESULT
if is_feasible(x[i, :]):

fx = obj(x[1, :])

if plot_score == True:
# ADDED SCORES
scores.extend([fx])
plt.plot(scores, marker="."
plt.pause(6.601)

, color="k")
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else:
fx = fg

# Compare particle's best position (if constraints are satisfied)
if fx<fp[i] and is_feasible(x[1i, :]):

pli, :1 = x[1, :].copy()
fp[i] = fx

# Compare swarm's best position to current particle's position
# (Can only get here if constraints are satisfied)
if fx<fg:
if debug:

print(" ")

DIV (7% % %% % % % %% K% XK KX KX XK KRR KKK KKK KRR KK AKX KA )

print('New best for swarm at iteration {:}: {:} {:}'.format(it, x[i,

1], fx))

pIint(u***********************************************n)

f = open('log_file.txt', 'a',encoding="utf8")

f.write('New best for swarm at iteration {:}: {:} {:}'.format(it, x[
i, :], fx))

f.close()

print("storing in log file ")

tmp = x[i, :].copy()
stepsize = np.sqrt(np.sum((g-tmp)**2))
if np.abs(fg - fx)<=minfunc:

print('Stopping search: Swarm best objective change less than {:}'.
format (minfunc))
DLANE ("% %% % %% %X kXXX AR KRR KRR KR KRR KRR KRR KRR AR AT
return tmp, fx
elif stepsize<=minstep:
print('Stopping search: Swarm best position change less than {:}'
format(minstep))
DLANE ("% %% % %% %X KX AR AR KRR KRR KRR KRR KRR KRR AR A KA )
return tmp, fx
else:
g = tmp.copy()
fg = fx

if debug:

pIint(u***********************************************n)

print('Best after iteration {:}: {:} {:}'.format(it, g, fg))
B R R
f = open('log_file.txt',6 'a',encoding='utf8")
f.write('Best after iteration {:}: {:} {:}'.format(it, g, fg))
f.close()
it += 1

print('Stopping search: maximum iterations reached --> {:}'.format(maxiter))
if not is_feasible(g):

print("However, the optimization couldn't find a feasible design. Sorry")
return g, fg
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A.4. Spectrum to sRGB

import colour

import numpy as np

def rgb_from_spectrum(wavelenghts,reflection_intensity):
w_start = wavelenghts[0]
w_end = wavelenghts[-1]

spectrum_dict = dict(zip(wavelenghts,reflection_intensity))

spd = colour.SpectralDistribution(spectrum_dict) #colour.SpectralPowerDistribution(
spectrum_dict)

# Interpolating the copied sample spectral power distribution.

spd.interpolate(colour.SpectralShape(w_start, w_end, 1));

cmfs = colour.MSDS_CMFS[ 'CIE 1931 2 Degree Standard Observer']

illuminant = colouxr.SDS_ILLUMINANTS['D65'] # colour.ILLUMINANTS_RELATIVE_SPDS['D65"] has

been renamed

# Calculating the sample spectral power distribution *CIE XYZ* tristimulus values.

XYZ = colour.sd_to_XYZ(spd, cmfs, illuminant) # has been renamed ColourUsageWarning:
colour.spectral_to_XYZ" object has been renamed to "colour.sd_to_XYZ".

# The output domain of *colour.spectral_to_XYZ* is [0, 100] and the input

# domain of *colour.XYZ_to_sRGB* is [©, 1]. We need to take it in account and

# rescale the input *CIE XYZ* colourspace matrix.

sRGB = colour.XYZ_to_sRGB(XYZ / 160)

# Clipping the values outside the sRGB boundary for plotting -> To avoid negative values
# why ? https://github.com/colour-science/colouxr/issues/257
sRGB_clip = np.clip(sRGB, ©, 1)

return sRGB_clip

A.5. Reflectivity dip in the idle state of the measured spectrum

The discrepancy between the initial simulated reflection spectrum and the measured reflection
spectrum in the idle state can be explained by a geometry difference between the designed and
effectively fabricated structures. As SEM images and digital holographic (DHM) measurements re-
veal, the microbridge is buckled upwards in the idle state and its thickness is 80 nm instead of the
designed 100 nm. Inputting these values into the RCWA simulation code reveals a closed match
between the simulation and measured reflection spectra, as indicated in Figure A.3.

1.0
=== sim.-on
=== sim. - off
0.8 1 — exp. - off
—— exp.-on
c 0.6
k]
k9]
2
& 0.4
0.2 1
0.0

450 500 550 600 650 700
Wavelength (nm)

Figure A.3: Simulated and experimental reflection spectrum. Geometry: 80 nm buckled upwards, period: 400 nm, pillar
diameter: 200 nm, trench: 50 nm, membrane thickness: 80 nm.

The reflectivity dip observed in the idle state of the measured spectrum - yielding the blue appear-
ance of the pixels - can be explained by thin film destructive interference. Figure A.4 visualizes the
simplified analytic model used.
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MNair

Nair

Figure A.4: Visualization of the simplified model - The buckled membrane (a) is simplified to a membrane with constant
offset from the pillar (b), and further simplified (c) to represent an infinite slab of thickness ¢ and equivalent refractive index

Nmembrane:-

Through digital holographic measurements it can be shown that the membrane is buckled upwards
inthe idle state. Thus, most of its perforations are filled with air, leading to an approximate equivalent
refractive index of 3 when taking the geometrical average:

(P32 oz
N'membrane = naSiW + nAirAtotal
4 54002 - %3002 %3002 (A12)
’ 4002 4002
=295~3

where P is the period and H is the diameter of a hole in the microbridge.

In the following we will assume an infinite slab of refractive index 3, surrounded (top/bottom) by air.
For this configuration (nar < nsiap < nair ), destructive interference is given when the thickness of
the slab equals to:

= A (A13)

2n

form=1,2,3,..

Thus, form = 1,n = 3, and XA = [500 nm — 700 nm] a destructive interference is obtained when the
thickness is between 83 nm — 117 nm. As the thickness of the microbridge is within these values,
this is a strong indication as to why a reflectivity dip is seen in the (buckled) ON state.

80
70
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30
20
10

0 05 1 15 2 25 3 35 4 45 5 55 B 65 7 75 8 85 3
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Figure A.5: Figure S6 Digital Holographic Microscopy measurement of the buckled membrane. A maximum amplitude of
approx. 80nm deflection is measured at the centre of the membrane. Red dotted line: measurement line.
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A.6. Runcard: Scalable Process Flow

Table A.2: Runcard for the Process

Step | Machine Parameters
1 Oxford Instruments PlasmaPro 100, ICP | 200 nm Gate Oxide
CvD 100 nm PECVD aSi
100 nm PECVD SiO2
200 nm PECVD aSi
50 nm PECVD SiO2
2 Tepla, Z11 Recipe: 07
Abort after 5min
3 Spin Coat Ebeam Resist CSAR13
4000 rpm (300nm)
4 Raith EBPG5000+ Beam: 5nA
Dose: 340 uC/cm?
5 E-Beam Development Amyl-Acetane: Tmin30
ZEP Rinse: 1min
Blow dry with nitrogen gun
6 Tepla, Z02 10s Low (descum)
7 SPTS Advanced Plasma System (APS) Si02_PR_3:1,24s
8 Alcatel AMS 200 SE Si_Opto_HR_6deg, 40s
9 SPTS Advanced Plasma System (APS) Si02_PR_3:1,24s
10 PR Strip Wet
11 Tepla, Z11 Recipe: 07
Abort after 5min
12 BENEQ TFS200 (ALD 1) 1.1 Angstrom/cycle
13 SPTS Advanced Plasma System (APS) Si02_Soft
etch_depth = 2.58%etch_time-4.97
14 LPCVD aSi 350 nm
No RCA (Has shown to etch ALD SiO2)
15 SEM Inspection Measure thickness using SEM Cross-
section
16 Veeco Nexus IBE350 Medium
17 SPTS uEtch Recipe 1, Etch rate: 12 nm/min
18 LAB 600 TnmTi, 5nm Al
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