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Title: MEMS scanners with diffractive optical elements for LiDAR applications

Abstract

MEMS (Micro-Electro-Mechanical Systems) applied to optical scanning systems have the ability to
modulate light using a miniaturised system and have driven several developments in Light Detection and
Ranging (LiDAR), motivated by the demand for autonomous vehicles. LIDAR MEMS scanning devices are
able to replace current state-of-the-art bulky mechanical LiDAR systems, not only by reducing size and
costs but also by facilitating their integration in vehicles. The integration of diffraction optical elements
into scanning MEMS mirrors further enables a large field of view (FoV) to be obtained by diffracting the

incident beam into a regular spot pattern and is being explored for LiDAR applications.

This work presents the development of an optical MEMS device to integrate the scanning module of a
LiDAR system that is capable of achieving up to 86° per 13° field of view with five diffracted uniform
beam spots. The device presents novel features related to its key performance aspects and the
micromachining process. In this device, a surface relief DOE is integrated onto the MEMS mirror surface
to split the laser beam into five uniform spots, with a diffraction angle of 2.6°. The device also exploits
the use of asymmetric electrodes to enable the control of the mirror angle in two- axes. These electrostatic
actuators were defined using a novel self-aligned micromachining process combining standard bulk
techniques with grayscale lithography. With these novel beam splitting and steering features, the required
mechanical deflection of the MEMS actuator is smaller, resulting in a more robust mechanical structure.
In addition, a nanoimprint lithography process was developed to replicate the multilevel patterns and to
further optimize the throughput to a batch production level, decreasing 40 times the necessary time and

82 times the overall lithography costs.

The device’'s mechanical and optical properties were experimentally obtained. The results show a
resonant plus non-resonant configuration, useful for a better non-lissajous scanning coverage, with a large
horizontal angle (above 60°) at the natural frequency of 1240 Hz, taking advantage of the Q-factor of 24
and five quasi-static vertical FoVs (10 Hz) of 2.6° each. The DOE uniformity and angular aperture were
within the expected values, above 30% and within 2.6°+0.15°, respectively, for all incident laser angular

conditions, given the MEMS torsional motion.

Keywords: Asymmetric electrodes, Diffractive optical element, Grayscale lithography, Multispot LiDAR,
2D MEMS mirror.
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Titulo: Scanner MEMS com elementos oticos difrativos para aplicacdes LiDAR

Resumo

A tecnologia MEMS, devido a sua capacidade de modular luz através de um sistema miniaturizado, tem
sido fundamenral em sistemas de varrimento que, aliados ao progresso de veiculos autdbnomos, tém
impulsionado varios desenvolvimentos em Ljght Detection and Ranging (LiDAR) baseados em MEMS.
Estes sdo capazes de substituir os atuais sistemas LiDAR presentes na literatura, que dependem de
mecanismos mecanicos volumosos, reduzindo ndo sé o tamanho e custos associados, mas também
facilitando a sua integracdo num veiculo. A integracao de elementos opticos de difracdo em espelhos
MEMS tem sido investigado para aplicacdes LiDAR mostrando se particularmente promissora. Esta
abordagem, que utiliza a difracdo de um feixe laser para expandir o campo de visao (FoV), tem mostrado

grande potencial.

Esta tese apresenta o desenvolvimento de um dispositivo MEMS optico para aplicacdes LiDAR, capaz de
atingir até 86° por 13° de FoV, difratando o feixe laser em cinco pontos uniformes. As inovacdes
inerentes ao dispositivo incluem aspectos de funcionamento e técnicas de microfabricacdo. Neste
dispositivo, o elemento difrativo, integrado na superficie refletiva do espelho, divide o feixe de laser em
cinco pontos, com um angulo de difracao de 2,6°. Este apresenta eletrodos assimétricos para atuar e
defletir o espelho em dois eixos, criados através de um processo de microfabricacao inovador,
combinando técnicas de fabricacdo bulk com litografia grayscale. Com a fusao de técnicas de varrimento
e difracao, reduz-se a deflexdo mecanica maxima necessaria do atuador MEMS, resultando numa
estrutura mecanica mais robusta. Para otimizar ainda mais o processo para producdo em massa,
litografia de nano-impressao foi implementada para replicar as estruturas assimétricas, diminuindo 40
vezes o0 tempo necessario e 82 vezes 0s custos gerais da litografia quando comparada com o processo

normalizado.

As propriedades mecanicas e dpticas do dispositivo foram obtidas experimentalmente. Estes mostram
uma configuracdo ressonante mais nao-ressonante, com um angulo horizontal de mais de 60° a
frequéncia natural de 1240 Hz, explorando o fator-Q de 24, e cinco FoVs verticais (a 10 Hz) de 2,6°
cada. A uniformidade e a abertura angular do padrdo difratado apresentaram resultados dentro dos
esperados, acima de 30% e dentro de 2,6°+0,15°, respectivamente, para todas as condicdes angulares

do laser incidente, dado o movimento torcional do espelho.

Palavras-Chave: Elementos oticos difrativos, Eletrodos assimétricos, Espelho MEMS 2D, LiDAR de

multiplos feixes, Litografia grayscale.

Vi Chapter Resumo
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1.Introduction

Since the beginning of Micro-Electro-Mechanical Systems (MEMS) in 1975, numerous scientific works
have been published in the literature that highlight their applications in optical scanning systems. This
technological evolution has led to the emergence of a new field known as Micro-Optical-Electro-Mechanical
Systems (MOEMS). The capacity to modulate light through miniaturized systems has yielded many
applications [1], including imaging displays, projectors, 2D scanners, optical spectrometers, print, and
light detection and ranging (LiDAR) systems for automotive applications. Remarkable progress in
perception and sensing has revolutionized industries spanning from autonomous vehicles and robotics to
environmental monitoring and urban planning. LIDAR systems are based on dynamic distance
measurement techniques and have been applied since the early 1960s in various fields, including
meteorology, agriculture, archaeology, aeroplanes, and satellites. These advancements have assumed
increasing importance in contemporary autonomous vehicles, such as self-driving cars and Automatic

Guided Vehicles (AGVs), for obstacle detection and avoidance, object recognition, and mapping.

LiDAR systems use a modulated laser as the carrier to measure distance. The ability to scan a field of
view (FoV) using a laser beam through MOEMS scanners offers several advantages when compared to
their macro-scale counterparts, including miniaturization, cost-effectiveness, and low-power consumption.
Notably, the scope of MOEMS technology’s potential applications extends beyond these domains, and as

MEMS and micro-optics continue to advance, the range of possible applications is expanding. The pivotal
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role of MOEMS technology in modern research and industry remains paramount as it continues to pave
the way for future technological innovations in the optical scanning field. The design of optical MEMS
requires not only a thorough understanding of the physical phenomena in the electric and mechanical

domains of MEMS but also an understanding of optics and optical propagation [2].

This introductory section presents an overview of the current state-of-the-art MOEMS scanning systems,
Diffractive Optical Elements (DOEs), and MEMS technology combined with DOEs. Furthermore, this
thesis's motivation, objectives, and organization are detailed. This thesis research will provide insights on
optical scanning systems by examining the potential applications of MOEMS technology and the different

categories of optical modulation.

1.1 LiDAR scanning systems

The development of LiDAR systems, driven by the pursuit of safer and more efficient navigation in complex
environments, has been catalysed by the principles of laser-based remote sensing to capture and interpret
the surrounding world. At its core, LiDAR operates by emitting rapid and precisely timed laser pulses

towards the surrounding environment (Figure 1-1).
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Figure 1-1 — LiDAR measuring system schematic.
Before exiting the LiDAR system, the laser passes through a set of transmission (TX) optics for focusing
collimation and power detection, and through a scanning module. Then, it travels without obstructions
until it encounters various objects in its path, such as buildings, trees, and terrain features. When a laser
pulse strikes an object, a portion of the light is reflected towards the LiDAR system, which is then collected
by the receiver optics and directed towards the photodetector (detector array) that converts the incoming
light into electrical signals. By precisely measuring the time it takes for the emitted pulse to travel to the
object and return, the LiDAR system can calculate the round-trip time, also known as the time-of-flight

(ToF). Since the beam velocity may be assumed as a constant, the ToF information directly correlates to

2 Chapter Introduction



&N
-i~ A\ Inés Sofia Moreira Garcia
the distance between the LiDAR system and the reflecting object. By iteratively executing this process
with multiple laser pulses and in various scanning directions, the LiDAR system constructs a
three-dimensional map of the environment, known as a point cloud, which accurately captures objects'
spatial distribution and positions. False readings of nearby objects, known as ghost images [3], can occur
due to laser beam reflections or pulse lasers emanating from nearby LiDAR systems, which can be solved
using different pulse detection architectures [4]. The chosen laser properties must follow several

specifications, such as the wavelength of the laser pulse, pulse energy or laser energy required for

detection, which directly impacts the range (distance) of detection and eye safety requirements.

LiDAR can be categorized into two groups based on their laser beam scanning methodology: non-scanning
LiDAR and scanning LiDAR [5]. Non-scanning LiDAR, also known as solid-state scanners, do not require
moving parts. One example is the Flash LiDAR [6], [7], characterized by the complete illumination of the
2D field of view via a single laser source, Figure 1-2.a. Flash LiDAR emits a single light pulse and records
the transit time of the emitted laser flash to each pixel on the detector array, which corresponds to the
range from the object. While Flash LiDAR offers high reliability, cost-effectiveness, and compact
dimensions, it may encounter limitations in detecting objects at distances exceeding a few tens of meters,
rendering it suitable primarily for short-range applications [6], [8]. Another topology within the
non-scanning category is the Optical Phased Arrays (OPAs), which can steer the incident laser beam [9],
Figure 1-2.b. OPAs provide a way to modulate the individual phases of several optical antennas or emitters
organized in an array. This technology promises high reliability, low cost, and compact size for increased
appeal in high-volume production. However, there are disadvantages to the OPA design, from light loss
in various components, which restricts its usable range to medium to long distances, to limited beam
steering angles, that is constrained by the number of phase shifters. Besides, there are critical challenges
to fabricate and actuate several individual optical phase modulators in a compact system at the energy

levels required or LiDAR [10].

MEMS Mirror

(a) (b) (c) (d)

Figure 1-2 — LiDAR scanning architectures scheme, (a) flash LiDAR; (b) OPAs-based LiDAR; (c) motorized LiDAR; and (d)
MEMS-based LiDAR system.
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Motorized optomechanical scanners [11], [12], [13] and MEMS scanners belong to the scanning LiDAR
category, being the last one considered as a quasi-solid-state LiDAR since the only moving part is the
MEMS devices that steer the beam in free space. Macro mechanical scanning LiDAR uses one rotating
scanning system to provide 360° FoV, Figure 1-2.c. This design offers the capability of 360° laser
scanning sweeps with only one unit. However, its rotating functionality makes it less reliable, and its bulky
size and steep costs restrict its appeal for high-volume production. On the other hand, MEMS scanners
use oscillating mirrors to mechanically steer a beam or beams in one or more axes, Figure 1-2.d. This
technology offers good reliability with minimal moving parts, low cost, and compact size for increased
appeal in high-volume production. However, MEMS scanners are limited in terms of distance range to
medium to long distances, field of view, and vulnerability to vibrations. The advantages and disadvantages

of each scanning methodology are summarized in Table 1-1.

Current state-of-the-art LiDAR solutions predominantly employ mechanical scanning systems, which are
typically implemented using large mechanical parts and classified as either macro or micro-scanners,
depending on the size of the scanning element. While there are diverse implementations of
macro-scanners, micro-scanners tend to scan in both horizontal and vertical directions. The ideal
alternative would be to scan or steer the laser beam without the need for mechanical moving components.
Nevertheless, optical phased arrays and other alternatives, while promising, remain at an incipient stage
of development, lacking mass production implementations and cost-efficiency matching mass market

product requirements [5].

Table 1-1 - LiDAR categories comparison.

Flash OPAs Mechanical Scanning MEMS
Mechanism Static Static Rotating mechanism  Minimal / Quasi-static
Range Short range Medium to long-range Long - to 200m Medium to long-range
FoV Limited by the .number of 360° Scans lelteq by MEMS
phase shifters mechanical deflection
Size Compact Compact Bulky Compact
Cost Low Low High Low
i Beyof‘d a.few.te.ns o ‘m‘eters, OPA component light loss Vulnerability to
returning light is insufficient for e _
limits usable range. vibrations.

reliable detection.

MEMS-based micro-scanner systems present a viable solution for both single-source (employing a single
laser source) and multi-beam (integrating multiple laser sources) LiDARSs, leveraging current technological

capabilities. MEMS devices propose a significant advantage in the automotive industry due to their size
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and cost reduction, well-defined manufacturing process, and simplified integration of sensors for

autonomous driving without substantial impact on the vehicle's aesthetics.

MEMS scanners combined with diffractive optical elements (DOE) have also shown promising
performance for multibeam LiDAR applications. The combination of a MEMS scanner with a DOE has
proven to be an innovative solution, as a large FoV can be obtained by diffracting the incident beam into
a regular spot pattern, such as an array/matrix of spots or even a scan line [14], [15], [16]. Multibeam
LiDAR solution can be achieved with traditional reflective MEMS mirrors and an array of laser sources,
critically aligned, to achieve wide FoV. In contrast, when coupled with a DOE, MEMS scanners can deliver
wide FoV without needing multiple laser sources. Here, the DOE effectively diffracts the incident laser
beam, sculpting it into a pattern of discrete spots, which the MEMS scanner adeptly scans across a broad

FoV, thereby changing the efficacy and versatility of LIDAR systems.

1.2 Diffractive Optical Elements

The field of optics is vast and complex, requiring the use of different models to study light propagation at
both macroscopic and microscopic scales. At the macro-scale, light can be modelled as simple rays with
a particular wavelength period, direction, and intensity that originate from a source point. These ray
models can adequately approximate optical elements such as lenses and mirrors that refract and reflect
light. However, the diffraction and interference phenomena of light waves require a more in-depth
understanding of light with the medium at the microscopic scale, where the optical element feature sizes
are of the same order of magnitude as the wavelength. In the wave modulation field, consider a plane

electromagnetic (EM) wave with an electric field described in terms of its amplitude E, and phase ¢ as

E(x,y,t) = Ey exp(@ + wt) (1-1)

A DOE inserted into the optical path at the coordinates (x, y) can be described as a thin optical filter that
locally modulates the wave amplitude E|, or the phase ¢. Phase DOEs introduce local phase variations
of the wavefront through surface reliefs and materials, which can be exploited to generate interference
patterns. Contrary to optical apertures, phase DOEs have the advantage of not blocking any of the

incoming light, enabling higher device transmission efficiencies.

Diffraction occurs whenever light waves interact with obstacles. At the microscopic scale, light behaves
more similarly to a wave, and any obstacle or medium causes a local change in the wave's phase and/or

amplitude, which affects the way light propagates and interferes with other waves. According to the
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Huygens-Fresnel principle, a wave is composed of infinitesimally small point sources which radiate
isotropically, each producing a spherical wavelet. In the near-field of an aperture, these wavelets
significantly interfere locally with each other constructively and destructively, while in the farfield, the
interference pattern remains mostly constant with the propagation distance. For a wide aperture, the
uniform distribution of wavelets produces a mostly flat wavefront of constant phase at the center of the
aperture and a rounded wavefront along its corners, as in Figure 1-3, which results from the diffraction
effect. As aperture sizes decrease to the order of the wavelength, these diffractive effects become much
more pronounced. Diffractive Optical Elements, also known as gratings, belong to the wave optics light
modulation class and are structures that can block, transmit, reflect or impose a static phase shift on the

incident waves.

Figure 1-3 — Wave diffraction based on Huygens-Fresnel principle.

1.2.1 Single-slit diffraction principle simplification

Consider a planar wave incident on an aperture gap, as presented in Figure 1-3. The sum of these
spherical wavelets, created at several points along with the aperture, forms the wavefront. The electric
fields emanating from each source interfere with all the others at each point in space, leading to
constructive or destructive interference, depending on their phase difference. As a result, a far-field
interference pattern is formed. Consider a flat wave with wavelength A propagating through a small slit
aperture and a distant detector screen, Figure 1-4. The intensity, I, of the pattern for a single slit aperture
with width, d, depends on the angle formed between the point on the projection plane and the source
and the distance between the aperture and the detector screen (L) and can be given by the equation

(1-2) [17].

(1-2)

1(8) = Iysinc? ((1/1_11 sin (6))

Diffraction gratings are optical components with regular patterns on their surface, usually with a pattern
density specified in lines per mm (lines/mm). These gratings generate an interference pattern on a screen

whose intensity has multiple maxima at the angles 6,,,, described by the grating equation (1-3).
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Incident
plane wave

Figure 1-4 - Diffraction pattern from a single slit aperture.

d(sinf,, + sinf;) = m4, (1-3)

where 0, is the incident angle on the grating, d is the spacing between the grating elements, and m is

the diffraction order, which can be a positive or negative integer.

In conclusion, understanding the behaviour of light waves at the microscopic scale is crucial in the study
of optics, and different models have been developed to achieve this. DOEs and diffraction gratings are
essential components that allow the modulation and manipulation of light waves, respectively, and their

properties can be described using equations such as the ones presented above.

1.2.2 DOEs topologies

Diffractive Optical Elements are specialized devices that manipulate light through micro or nanostructured
patterns, which can be opaque, transparent, or reflective, affecting the wave's phase and amplitude based
on its wavelength and incidence angle. These patterns are designed with feature sizes on the order of the
light wave's wavelength, allowing for precise interaction with light based on its wavelength and the angle
at which it strikes the DOE. DOEs can be categorized by their physical thickness in relation to the phase
shift they impart on the traversing light wave: thin DOEs induce a phase shift up to 27, while thick DOEs

exceed this value, resulting in significant phase alterations.

The utility of DOEs is evident in their ability to tailor the phase and amplitude of incident light, thereby
controlling the spatial distribution of the diffracted light. This capability renders them invaluable in
applications such as laser beam shaping, structured illumination, and the generation of intricate optical
fields. The emergence of coherent light sources, notably lasers, has facilitated the creation of synthetic
holograms, which are fabricated by encoding interference patterns onto a medium. The flexibility of DOEs
extends to their ability to transform an input light beam into a desired output form, ranging from

duplicating the input beam to generating specific shapes such as square spots. Commercially available
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gratings demonstrate this versatility, achieving large angular outputs and providing uniform illumination;
however, these can still present some limitations, such as specific material constraints and efficiency
issues in certain spectral bands. Moreover, typically, they present large dimensions, which can also be
complex to integrate into a miniaturized system. DOEs can be classified into different categories,
distinguishing between regular and arbitrary types, as well as static and dynamic variants. Regular
gratings, a subset of DOEs, consist of equidistant lines or slits that diffract light into discrete orders,
finding use in a multitude of applications, including spectroscopy, beam splitting, and optical
communication. Echelette-type gratings and metagratings, designed through dispersion engineering, are
notable for their role in beam splitting across broad spectral ranges [18], [19]. Grating light valves
exemplify the application of actuated gratings in display technologies, modulating light to produce images

and serving in optical filtering and signal processing [20], [21].

Arbitrary DOEs, in contrast, offer a high degree of customization due to their non-periodic structures,
enabling specific light manipulation for applications such as holography, 3D displays, and security
features. These DOEs are instrumental in producing advanced visual effects like the vertical 3D/3D switch

effect, a novel security feature [22], [23], [24], [25], [26], [27].

Static DOEs, characterized by their unchanging structure post-fabrication, are commonly employed in
consistent optical functions and are made from materials like etched glass or polymers [28], [29].
Dynamic DOEs, however, are reconfigurable in realtime, responding to external stimuli for applications
necessitating immediate light manipulation. Technologies enabling dynamic DOEs include Structured
Light Modulators [30], [31], POLICRYPS structures [32], [33], [34], and MEMS-based devices [35], [36],

each with specific uses ranging from holography to adaptive optics.

1.2.3 Reflective and transmissive DOES

By definition, the optical path refers to the distance travelled by light through an optical medium, adjusted

for the refractive index of the medium. The optical path length is governed by:

c (1-4)
OP = j —ds,
sn

where n is the reflection index, ¢ the light velocity and s the path. Consider a coherent light source
generating a beam with a specific spot size and intensity distribution incident on a DOE. Transmissive
DOEs introduce a phase shift (@) to the incident wavefront through the different optical paths that

propagate through the medium (n;) or free space (ny) [17], as defined in equation (1-5). This can be
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achieved through surface reliefs or changes in the refractive index of the medium material, as depicted

in the schematics of Figure 1-5.

d(x,y) (1-5)
p(x,y) = Y 2m(ny —no)
- | _—
. T . T
> S > — >
g

Figure 1-5 — Schematic of surface relief and refractive transmissive DOEs.

For reflective DOEs (Figure 1-6) with surface relief, the phase shift is introduced by the optical path
difference between the first reflected surface at the top and the secondary reflected surfaces as the beam

propagates through the free space medium (n,), (1-6).

dx,y) 4nn 1o
0

px,y) =

Figure 1-6 — Schematic of surface relief and refractive, reflective DOEs.
1.3 MOEMS for scanning systems

Reflection is the most common principle as a scanning engine among the full range of optical modulation.
The MEMS scanning systems can mainly be categorized into one-dimensional (1D) and two-dimensional
(2D). In a 1D scanner, light is scanned only in one dimension, comparatively, with the 2D ones that scan
light in two perpendicular directions, resulting in a two-dimensional scan space, also known as the field
of view. Several systems using MEMS mirrors have been presented with only one axis [37],[38], [39],
even in LiDAR applications [40],[41]. Others combine two mirrors of one axis in a module,
post-assembled, [39], [41] to be able to perform two axes scanning, as represented in the schematic of
Figure 1-7. One of the significant advantages of a single-axis mirror scanner is that the mirror size can be

larger, supporting more powerful laser sources.
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1D MEMS

1D MEMS

| 2D MEMS
scanner !

scanner

(a) (b)
Figure 1-7 — Two-dimensional FOV by the (a) combination of two 1D scanners or (b) a 2D scanner.

Over the last three decades, diverse MEMS-based miniaturized laser scanners designed for 2D scanning
applications have made their mark in the literature, presenting extensive technical reviews [1], [5]. These
innovations encompass a spectrum of technologies, spanning from the utilization of digital mirror arrays,
notably the Digital Micro mirror Device (DMD) [42], to the integration of 1D resonant MEMS scanners
alongside Galvano scanners and even the deployment of paired resonant or non-resonant 1D scanners

or 2D MEMS scanners.

DMD scanning employs a compact array of micro mirrors, each representing a pixel. These MEMS micro
mirrors possess the capability to switch fast between positions, alternating from reflecting to not reflecting
light. This dynamic manipulation enables the projection and scanning of intricate light patterns onto
diverse surfaces. The utility of DMD technology extends to fields such as projectors and spatial light

modulation, conferring precise control over light dispersion.

On the other hand, the 1D Resonant MEMS Scanner combined with the Galvano Scanner combines two
types of scanners for enhanced scanning speed and accuracy and has been used in various applications
like laser engraving and biomedical imaging. Here, a 1D resonant MEMS scanner oscillates at a resonant
frequency, enabling high-speed scanning in one dimension, and the Galvano scanner moves a mirror for

slower scanning, using electromagnetic fields, in the other dimension [43], [44].

The final architecture, either resonant or non-resonant 1D scanners or 2D MEMS scanners, employs a
dual-scanner setup. Resonant scanners oscillate at their natural frequency, enabling rapid scanning. Non-
resonant scanners move at controlled rates, offering precise positioning. The pairing of these scanners

allows for intricate 2D space scanning [45], [46].

MEMS-based scanner systems have significant advantages due to their size and cost reduction,
well-defined manufacturing process, and easier installation of the new sensors. Several properties of
MEMS scanners differ from each other, as will be detailed in the following sections. These include
principles of operations and architecture to the deflection actuation principle, which implies a dedicated

micromachining process.
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1.3.1 Principle of operation

There are various movement concepts for MEMS mirrors, classified by their mirror architectures. These
range from architectures with a single pivot point suspending the reflective surface to architectures with
multiple springs, such as bipod, tripod, and quadripod structures. Table 1-2 presents a summary of these

architectures and their corresponding schematics.

Table 1-2 — MEMS mirrors architectures, divided by the number of anchor points.

Unipod Bipod Tripod Quadripod Gimbal
N\ | 2
N V.
\ S w4
E% 7 vV = 2 H 4 H
p 4 LE E
Cantilever [47]; Half gimbal [4]; Dual use spring [29]; Folded spring [30],[12]; Bipod structure inside a
Bipod frame [29];
’_% v
= =
AL} A ) AN
Pivot[48]; Dual use spring [28]; Dual use spring [31];

The cantilever geometry is one example where the mirror support works as the spring that holds and
drives the mirror to move. Conversely, the pivot mirror uses a single point, typically in the mirror's center,
to hold and deform the mirror to change its position. In the bipod category, the half gimbal employs two
torsion beams to deform and move the mirror, while the dual-use spring uses the spring holding the
mirror to generate a force for steering, typically not a torsional force. Being a bipod, it steers in only one

rotating axis plus the z-axis (out-of-plane) for beam focus.

The tripod geometry employs three springs spaced 120° apart to hold and move the mirror while
generating a force that steers it, typically not a torsional force. In the quadripod mirror category, the folded
spring geometry allows for mirror movement in the XYZ directions and creates rotational movements in
two axes. Similarly, the dual-use spring generates a force to steer the mirror while holding it. Both tripod

and quadripod architectures steer in two rotating axes plus the z-axis for beam focus.

The MEMS mirror's scanning profile depends on the actuation mode of each axis. There are two primary
modes: the quasi-static mode, where the mirror position responds directly to the driver's command, and
the resonance mode, where the MEMS mirror can operate dynamically. By combining these two modes,

the mirror can perform scanning in three ways: (a) quasi-static mode on both axes, (b) fast axis in
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resonance and slow axis in quasi-static mode, and (c) resonance mode on both axes, as depicted in

Figure 1-8.

Figure 1-8.a shows the first operation mode, where the micromirror scans point-to-point. In this mode,
both axes of the 2D mirror operate in vector-like mode, allowing MEMS operation from DC to a specific
frequency, positioning the MEMS precisely, moving at a uniform velocity, and performing vectorial
scanning. In contrast, Figure 1-8.b demonstrates the second operation mode, where both modes
(quasi-static and resonance) are combined. One axis operates in a high-frequency mode, allowing for fast
axis movement (on the order of kHz) that creates horizontal lines, while the other axis works in vector-like
mode or at a low motion frequency and moves with a triangular-like waveform to create a raster pattern
covering a rectangular area. The third and final operation mode on both axes operates at high frequencies
for scanning, Figure 1-8.c. The mirror motion is confined to narrowband, sinusoidal trajectories with a
phase lag to the applied voltage, resulting in circles, ellipses, and other Lissajous patterns that can be

modulated at some rate.
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(a) (b) (c)

Figure 1-8 — Scanning profile for the 2D MEMS micromirror. In a) the Quasi-static profile on both axes is shown. In b), the
fast axis is scanning in resonant mode, and the slow axis is scanning in Quasi-static mode. In c), both axes are scanning in
resonant mode [3].

When operating these devices at resonance mode, with a frequency near their natural resonance
frequency, it is possible to achieve large deflection angles at relatively low voltages and high speeds. The
devices can be operated in modes b and c to achieve larger FoV. However, this can create some

limitations regarding scanning speed and spot localization.

1.3.2 Actuation principles

The actuation principle of MOEMS (micro-opto-electromechanical systems) is a critical factor in achieving

the performance of laser scanners, as it requires large out-of-plane displacements to steer the beam over
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a wide scan field. Typical actuation mechanisms implemented in MEMS scanners include electrostatic

(ES), electromagnetic (EM), thermal, and piezoelectric mechanisms [49].

Electrostatic (ES) actuators use the electrostatic force to attract micromechanical structures, generating
mechanical motion by a change of stationary electric field in the material. This type of actuation is
commonly used in MEMS mirrors, as it can be produced using conventional microfabrication processes
and materials [50]. On the other hand, magneto-mechanical micro-actuation primarily exploits two effects:
the action of electromagnetic forces (magneto-static) and magnetostriction (the strain magnetically
inducible in ferromagnetic materials) [51]. Magnetic microactuators can be categorized according to the
types of magnetic sources and microstructures involved. While this type of actuation is not as widely used

as electrostatic actuators, it has its unique set of advantages for specific applications.

Piezoelectric actuation is based on the piezoelectric effect, which induces a mechanical strain in a stack
of materials containing a piezoelectric component or thin film. When a voltage is applied across a piezo
element, it deforms due to a reverse piezoelectric effect (voltage to stress/strain). Piezoelectric actuators
are widely used in various applications, including MOEMS scanners [52]. Thermomechanical micro-
actuation, on the other hand, exploits the thermal expansion of materials. Changes in the temperature
profile result in mechanical displacements or force output through thermal expansion, contraction, or
phase change. This type of actuation is less commonly used than the other three, but it has unique

advantages for specific applications [53].

In terms of MEMS mirror actuation, electrostatic transduction is the dominant technology in the MEMS
field. This is mainly due to the ease with which most electrical micro-actuators can be produced using
conventional microfabrication processes and materials. A detailed analysis of the advantages and
disadvantages of electrostatic, electromagnetic, and piezoelectric MEMS mirror actuation can be found

in Table 1-3.

Table 1-3 - Performance of the electrostatic, electromagnetic, and piezoelectric MEMS mirror actuation, from the lowest
performance rated as * to the highest as ***.

Category Electrostatic  Electromagnetic Thermal Piezoelectric

* * * kK * %

Deflection

* kK * % * * %

Natural frequency

Low power * * * e
Low voltage * o * *x
Compactness i * * o
Llnearlty * * % % * % * %
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Overall, the choice of actuation mechanism depends on the specific application and the desired level of
performance. Each actuation mechanism has strengths and weaknesses, and careful consideration must
be taken when selecting the most appropriate mechanism for a given application. In addition to the
actuation method, the performance of MEMS mirrors for LiDAR applications also depends on the mirror

size, shape, and material, as well as the design of the support structure and the driving circuitry.

1.3.3 MEMS mirror for LiDAR literature review

In the literature, several working topologies have been presented for LiDAR applications, from 2D scanning
systems that can be implemented in self-driving cars to blind-spot detection systems, gesture recognition,
and robotics, among others. MEMS mirrors offer advantages in terms of size, speed, and cost, making
them ideal for LiDAR applications across a wide range of sectors [5]. Their use has led to a substantial
reduction in the weight, size, and power consumption of LiDAR modules, enabling applications such as

precise navigation in small UAVs [54].

Several LiDAR topologies have been presented, ranging from 2D scanning systems to more complex
configurations. A recent comprehensive review by Wang et al. [5] categorizes MEMS mirrors into three
scanning profiles with an alternative nomenclature: double resonant (Figure 1-8.c), double quasi-static
(Figure 1-8.a), and non-resonant plus quasi-static (Figure 1-8.b). To better compare different MEMS mirror
designs, the author defined as a figure of merit (FoM), the combination of effective optical scanning
angular FoV in radian, 6, and the effective resonant frequency of the MEMS mirror in kHz, f,, of a MEMS

scanning mirror, to evaluate the performance of the device as:
FoM =0,-d, - f, (1-7)

where de is the effective dimension of the mirror plate in mm, defined as follows,
d, = |— (1-8)

where A is the area of the mirror plate in mmaz. In order to uniformize the FoM values for non-resonant
and resonant 1D and 2D devices, different 8, calculations are used and extensively explained in [5],
taking into consideration the device's Q-factor. For MEMS mirrors with Q lower than 10, Wang et al.
defined Q as 10 for simplicity. In general, MEMS mirrors with larger FoM are more suitable for LiDAR
applications, and 2D MEMS mirrors are desired in most cases. However, 1D MEMS mirrors usually have

simpler structures and can be more easily designed with a wide scan angle, large aperture, and high
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frequency. Table 1-4 summarizes the mirrors with the highest FoM presented in [5] for each scanning

profile and actuation method.

Table 1-4 — MEMS mirrors for LiDAR applications with the highest FoM, based on [5].

Al\cﬂt;titéodn FoM Mirror Area Horg)ci/ntal VeFrg\ial £ (kHz) (kﬁz) Hogzz:tal Vgrc’[;cnal
EM 0.97 D=1.5mm 65° 53° 0.4 21.3 Resonant Resonant [55]
EM 0.82 D=1.4mm 43.2° 24.3° 18 0.44 Resonant  Quasi-Static  [56]
EM 0.61 D=6.5mm 18° 30° 0.674 1.87 Resonant Resonant [57]
EM 0.42 D=2.5mm 60° 46° 0.16 0.21  Quasi-Static  Quasi-Static  [58]
EM 0.42 4x4 mm: 32° 32° 0.16 0.17  Quasi-Static  Quasi-Static  [59]
ES 1.29 D=0.8mm 24° 24° 3.8 3.9 Quasi-Static  Quasi-Static ~ [60]
ES 1.08 D=1.6mm 24° 24° 0.67 1.6 Quasi-Static  Quasi-Static ~ [60]
ES 0.62 D=7mm 26° 26° 1.57 1.57 Resonant Resonant [61]
ES 0.48 D=1mm 44° 24° 26 1.4 Resonant Resonant [62]
ET 0.98 D=1mm 16° 53° 2.7 2.7 Resonant  Quasi-Static  [63]
ET 0.45 D=0.5mm 4° 4° 12.8 12.8  Quasi-Static  Quasi-Static ~ [64]
PE 0.51 D=1mm 21° 31° 23.9 1.5 Resonant Resonant [65]

The best-performing mirrors in each category, according to the resultant FoM, are:

e Adouble resonant MEMS mirror, a biaxial mirror with an electromagnetic actuation method. This
mirror achieves a horizontal resonant deflection angle of up to 65° at 400 Hz and a vertical
resonant deflection angle of 56° at 21.3kHz., which is suitable for high-speed scanning (FoM of
0.97) [55];

e Double non-resonant MEMS mirror, a biaxial mirror with an electrostatic actuation method. This
mirror achieves a deflection angle of up to 24° and a maximum scan rate of 3.8 kHz (FoM of
1.29) [60];

e A non-resonant plus resonant MEMS mirror, a biaxial mirror with an electromagnetic actuation
method. This mirror achieves a resonant deflection angle of up to 43.2° at 18 kHz and a
non-resonant deflection angle of 24.3° at 440 kHz., which is suitable for high-speed scanning

(FoM of 0.82) [56].

Double resonant mirrors offer high scanning speed and large deflection angles, while double non-resonant
mirrors have a simple design and are easy to fabricate. Non-resonant plus resonant mirrors combine the
advantages of both resonant and non-resonant mirrors. The choice of MEMS mirror depends on the
specific requirements of the LiDAR system, and further research and development are needed to improve
the performance and reliability of these devices. The reliability and durability of MEMS mirrors have been
proven through extensive testing. For instance, MEMS micromirrors have been characterized for space

environments, showing that their performance remains unaffected after rigorous testing [66]. An
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electrothermal Cu/W bimorph MEMS mirror survived 220 billion scanning cycles, further attesting to its

stability and reliability [63].

1.4 MEMS-based diffractive optical devices

The convergence of MEMS technology with light modulation systems holds a well-established presence
in the literature. Diffractive optical elements have also been combined with MEMS devices. MEMS-based
DOEs are capable of realtime manipulation of the wavefront through the physical movement of
microstructures and have a wide range of applications in optics and photonics. These systems offer
dynamic, realtime control of the output beam's intensity, direction, and phase, enabling new
functionalities such as beam steering, beam shaping, and optical switching. In optical communication,
MEMS-based DOEs can be used to steer and shape laser beams for free-space communication, which

has potential applications in satellite and deep-space communication [67].

One of the most promising MEMS-based DOEs is the optical phase array (OPA), which enables
high-speed, high-resolution beam steering. OPAs are based on the same principle as DOEs but are not
static elements, offering a dynamic, controllable output. In the literature, several types of phase
modulators have been reported, from liquid crystals commonly used for large-scale OPAs [68], however,
with slow rate, to silicon photonic waveguides with phase modulators and grating couplers, with high

insertion loss and limited to infrared wavelengths transparent to silicon [69].

By using MEMS technology as the building blocks of an OPA-based scanner, it is possible to combine the
possibility of customizable electronic steering of OPAs with the fast response of MEMS technology [70].
In a typical MEMS phased array, all the elements reflect coherently along a desired direction. This type
of device has significant advantages over other phase modulators (liquid crystal, lithium niobate, and

current silicon photonics devices) and has been designed in both 1D and 2D configurations [2].

One type of 1D MEMS-based OPA is the grating light valves (GLVs), which uses a diffraction grating built
with parallel rows of suspended reflective micro-ribbons, as represented in Figure 1-9, that can be
dynamically adjusted by applying a voltage to each micro-ribbon, producing a diffractive grating that
switches between “on” and “off” states, redirecting light, as presented in [71]. By changing the voltage
applied to each micro-ribbon, it is possible to produce different diffractive gratings, which can be used for
beam shaping and steering. In a different alternative, the 1D array comprises several GLVs, all with the
same pitch between micro-ribbons. In this alternative, the scanning is achieved by dynamically changing

the period of the grating and, thus, the angle of the diffracted beam [72], [73]. One of the significant
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drawbacks of this alternative is that there is only a limited number of available grating periods that are
proportional to the pitch of the micro-ribbons. In [70], a different structure is presented to achieve a 1D
MEMS phase shifter based on piston mirrors, which are displaced to provide the desired phase shift. This
256-element array MEMS OPA (Figure 1-10), designed to beam forming 905 nm wavelength with a fine
pitch of 2.4 um, obtained a 22° FOV and a response time of 2 ps.
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Figure 1-9 — Top, front, and cross-sectional view schematics and SEM images of a (a) grating light valve from [73].
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Figure 1-10 - Top, front, and cross-sectional view schematics and SEM images of[69] a 1D MEMS OPA from [70].
Another approach to build a MEMS-based OPAs is to produce a 2D array of micromirrors whose height
can be dynamically adjusted via a piston-like movement, as represented in Figure 1-11. In this type of
OPA, the height of each micromirror can be controlled, which in turn is converted into a phase shift on
the incident wavefront. This offers high-resolution, high-speed beam steering capabilities and has been

used in various applications, such as optical communication, laser machining, and holography [74].

Input pulses
A B Diffracted pulges

On ———— > Parked ——— > Off

Figure 1-11 - Piston-like DMD mirror states schematic [74].
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Regarding MEMS 2D OPA, a MEMS-based optical phased array incorporating a high-index-contrast
subwavelength grating (HCG) for beamforming and beam steering was found in the literature. Each HCG
reflector is suspended by four mechanical springs, one at each corner and electrostatically actuated.
Figure 1-12.a presents an 8 x 8 optical phased array incorporating MEMS HCG mirrors on an SOI wafer

with a schematic of the principle for beam steering [75].

(b)
Figure 1-12 - (a) SEM images of the 8 x 8 MEMS OPA HCG array [75]. (b) SEM images of the 32 x 32 MEMS 2D OPA [76].

This optical MEMS reported a £1.26° beam steering in two dimensions, with a 99.9% reflectivity at a
wavelength of 1550 nm. Furthermore, Figure 1-12.b demonstrates other MEMS 2D OPA that comprises
a 32 x 32 array of HCG elements [76]. This device reported a measured maximum beam steering angle

of +2.0° and a natural frequency of 0.46 MHz.

However, these are still very experimental techniques for LiDAR applications, either because of low
angular resolution, less than perfect optical quality, due to beam deformation, limited angular amplitude
and slow operation. OPAs for LiDAR applications are currently being developed [77], but there is no

estimate for market availability, price or technical characteristics.

A recent extension of the combination of MEMS and DOEs has appeared in the domain of LiDAR, where
preliminary signs of progress have been taken to leverage this approach for broadening the scanning FoV
with a low-cost and small-volume solution. Within this sub-section, distinct approaches, wherein MEMS

technology intersects with diffractive elements, are detailed.

1.4.1 Multibeam steering based on MEMS and DOE technology for LiDAR

The integration of MEMS scanners with Diffractive Optical Elements represents a significant advancement
in the development of compact LIDAR systems. These MEMS-based LiDAR systems are increasingly
recognized as a costeffective and compact solution for commercial applications, particularly in
autonomous vehicles [78]. Miniaturized LiDAR systems, essential for such applications, often require

large mirror surfaces to achieve extended laser measurement ranges [5]. Different methodologies have
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been explored to provide a broad field of view and high angular resolution. The combination of a MEMS
scanner with a DOE has proven to be an innovative solution, as a large FoV can be obtained by diffracting
the incident beam into a regular spot pattern, such as arrays or matrices of spots, or scan lines [14],

[15], [16].

Several solutions for 3D LiDAR have been presented in recent years. One such method involves a 1D
MEMS mirror combined with a diffuse laser beam produced by a diffuse lens to facilitate scanning in both
vertical and horizontal directions [79]. However, in this topology, the maximum detection distance is short
due to the laser power distribution in a line, resulting in a low optical power density. Another architecture
uses an array of laser sources to create the vertical scanning lines, which are then redirected onto the
MEMS mirror surface via a lens [80], [81], as illustrated in Figure 1-13. This design allows for the effective

combination of low laser power, though it necessitates precise alignment and assembly.

Vertical Line
Multiple lasers ' Multiple .
. . lasers . .
L 'l Horizontal Scan o / / '

Qo‘_"‘
L

A 71D MEMS mirror \ .
\ .. 2D MEMS mirror
(a) (b)

Figure 1-13 — Multi-spot LiDAR architectures presented in the literature, with 1D MEMS mirror [80] and 2D MEMS mirror
[81] and multiple laser sources.

In [82], a different al-MEMS architecture has been presented where a 2-dimensional MEMS mirror and
diffractive optical element, which is achieved by a DMD as a programmable blazed grating, to scan 5
points over a 48° FOV with a sampling rate of 3.4 kHz. The unexplored transition between the on- and
off- states of the DMD is probed by the illumination of a nanosecond short-pulsed laser. With the short
pulse illumination, the DMD is used as a highly-efficient programmable blazed grating. In [83], further
advancements explore architectures incorporating multiple laser sources to enhance the angular

resolution of LiDAR projections, as depicted in Figure 1-14.

An alternative approach involves MEMS scanners paired with beam-splitting DOEs, offering a wide FoV
without the need for multiple laser sources. In this setup, the DOE diffracts the incident beam into a spot
pattern, which is then scanned across a wide FoV by the MEMS scanner. One example is a 2D MEMS

scanner combined with a DOE, yielding both a wide FoV and high resolution. This system is based on the
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creation of a 2D spot pattern with a DOE, which is then scanned by a 2D MEMS scanner. The combination

of MEMS scanning mirrors and DOE provides a compact, low-cost, and high-performance LiDAR solution.
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Figure 1-14 — AlI-FMEMS multibeam LiDAR steering system from (a) [82] and (b) [83].
While this combination offers a promising avenue for achieving wide FoV and high resolution in LiDAR
systems, these architectures typically rely on multiple components, such as single or multiple laser
sources, MEMS scanners, and diffractive elements (lenses, transmissive gratings, DMDs), which imply a
fine alignment and complex packaging between them. However, integrating diffractive structures directly
onto MEMS scanner mirrors could herald a new compact, cost-effective, and high-performance LiDAR

systems, reliant only on a single laser source and an integrated MEMS-DOE device.

1.4.2 Integration of DOEs in different optical elements

Diffractive Optical Elements have been integrated into various other elements, such as refractive lenses,
lasers, optical fibres, cameras, gratings on curved surfaces, and MEMS, which has led its importance to
a wide range of applications and functionalities. These integrations have enabled advancements in various

fields, including imaging, communication, display technology, security, and more.

DOEs have been integrated with refractive lenses to create novel optical devices. For instance, the
fabrication of antireflection structures on the surface of optical lenses using a liquid transfer imprint
technique has been demonstrated, suitable for high-performance applications on curved surfaces like
convex lenses [84]. Moreover, multibeam multi-wavelength semiconductor lasers have been designed,
where DOE microlenses have been combined with lasers and optical filters, which can be integrated with
various active or passive optical components for applications such as interferometry and demultiplexing
[85]. Additionally, the integration of diffractive metalenses in designing different types of optical systems,
including digital cameras, has been explored, leading to broad applications in microfluidic devices, virtual

reality devices, telescopes, and eyeglasses [86]. The simplicity of the design and fabrication process of

20 Chapter Introduction



— Inés Sofia Moreira Garcia

ultrathin metasurfaces makes them good candidates for building flat optical elements that can be easily

integrated into CMOS electronics and MEMS devices [87].

1.4.3 Grating-based optical element merged with MEMS

The integration of diffractive structures on the plate of a scanner mirror has been a topic of research for
more than 20 years. In literature, these diffractive scanning systems are often used in micro
spectrometers [88], [89], [90], [91], [92], as they allow for the detection of a spectrum with a single
detector rather than requiring expensive diode arrays. These systems are also referred to as scanning
grating mirrors (SGM) in the literature. MEMS SGMs split the incident beam into different spectral

wavelengths and scan them sequentially.

In [88], an electromagnetic scanning mirror integrated with blazed grating and angle sensor for a
near-infrared micro spectrometer is presented. Here, the merging of the MEMS mirror and the granting
into one device allows the near-infrared micro spectrometer to span a spectral range of 800 nm-1800
nm accurately, with an architecture extremely simple and only one single Indium Gallium Arsenide
(InGaAs) photodetector is achieved, instead of a detector array. As depicted in the cross-section of the
device in Figure 1-15, the blazed grating is patterned directly into the silicon substrate and coated with a
reflective aluminium layer, which was micromachined prior to the bulk micromachining MEMS structure

process, without any constraint, as presented in [88].

Incident beam

2 Ay
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Figure 1-15 - Schematic of the electromagnetic 1-DOF MEMS scanning mirror with the blazed grating from [66].

Besides the spectrometer’s application, some devices with grating merged into MEMS structures have
been presented for beam steering applications. One example is a MEMS-based in-plane rotation vibratory
diffraction grating scanner [93], Figure 1-16. The diffraction grating scanner was first implemented at the
microscale, combining continuously rotating electrostatic micromotors to rotate the grating, which can be
considered the MEMS version of the rotating holographic scanners. Following the same bulk
micromachining approach as the previous device, the grating was patterned directly into the silicon

substrate before the typical MEMS process.
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Figure 1-16 - In-plane scanner schematic with grating embedded on the reflective surface for spectrometry application [93].

Recently, a new concept for beam steering using a MEMS grating-based OPA has been proposed in [94]
that uses the lateral displacement of a diffraction grating to produce a phase-shift proportional to the
lateral displacement on the incident waves (Figure 1-17). The OPA has 160 x 160 independent phase
shifters across an aperture of 3.1 mm x 3.2mm. It has a measured beam divergence of
0.042° x 0.031°, a field of view of 6.6° x 4.4°, and a response time of 5.7 ps. This approach offers a
new degree of freedom for beam steering, enabling the development of compact and efficient optical
systems with high-speed and high-resolution capabilities. This device is based on a complex surface
micromachining process, where the patterning of the grating was performed in the last few process steps,

as shown in Figure 1-17.

Movable grating

- MEMS Actuator

M silicon substrate
Doped Poly-silicon Au/al M Nitride

(a) (b)
Figure 1-17 - MEMS grating-based OPA based on surface micromachining, from [94].

1.5 Motivation

As detailed in the previous sections, LiDAR systems can simultaneously measure the distance and
intensity of every point in the scene. This application requires a device that deflects the beam into multiple
positions to cover a specified FoV. State-of-the-art LiDAR systems use bulky mechanical systems, are hard

to integrate into a vehicle and are susceptible to the vehicle’s external forces. MEMS devices, in general,
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have had a massive impact on the automotive industry, mainly due to their size, cost reduction, and

manufacturing process.

Typical MEMS scanning systems are composed of a smooth and flat reflective surface attached to a set
of MEMS actuators, capable of positioning it to the desired angle, limited by the actuator's maximum
angle amplitude and speed. However, there are other approaches of scanning systems that take

advantage of diffraction modulators.

In the past years, several architectures using reflection and diffractive optical elements, have been
presented for Light Detection and Ranging applications. This combination as a way of achieving or
increasing the scanning field of view with a more mechanically relaxed MEMS actuator presents several

advantages.

The proposed research aimed to develop an optical MEMS device to split and steer a laser beam, a device
where the capabilities of a typical MEMS mirror and a diffractive element are merged for LiDAR
applications. The DOE will be added during the development process of the mirror itself, making the
MEMS mirror and DOE a single component. In this way, this single component diffracts the incident beam
into multiple ones instead of one, as can be achieved by the typical MEMS mirror approach, as
represented in the schematic of Figure 1-18. This optical combination not only enables a multibeam
LiDAR scanning system without the need of multiple laser sources, removing their alignment issues, but
also to relax the target FoV and scanning speed and, consequently, increases the mechanical robustness

of the MEMS structure.

Single Laser source S

with Diffractive Element

Figure 1-18 — Schematic of the proposed 2D MEMS with a DOE merged LiDAR projection.
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The challenges that must be faced to accomplish a Diffractive Optical Element in a MEMS scanner thus

become apparent since reaching such a level of scan resolution and uniformity pattern imposes an

extensive analysis of both systems. Moreover, a critical analysis of the micromachining technologies is

imperative to design a process capable of fabricating the desired device.

1.6 Objectives

The main objective of this research work is to develop a 2D MEMS scanner merged with a Diffractive

Optical Element for LiDAR applications. The goal is to create a device capable of diffracting and redirecting

a NIR (Near-infrared) beam into five beam spots within an established Field of View, Figure 1-19.

Mainly, this doctoral project was developed at International Iberian Nanotechnology Laboratory (INL),

which has all the tools: software (MEMS design, model, and FEM) and systems (micromachining and

characterization) needed to carry out this work. Given the study mentioned above, the MEMS scanner will

be based on asymmetric electrostatic actuation, has it is possible to design a compact and low-power

structure for higher natural frequencies, and is the most compatible actuator with INL micromachining

technology.

MEMS projection without DOE
Single large scanning region with 54° x 13°

MEMS projection with DOE
Multiple smaller scanning region with 54° x 2.6°
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Figure 1-19 — MEMS scanner merged with a DOE (grating) schematic.
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To achieve the envisioned microsystem, the following research milestones were defined:

e Analytical study of the mechanical aspects of the 2D MEMS mirror and the optical features of the
DOEs.

e Structural and optical simulation of the MOEMS device. Implementation of finite-element method
analysis (FEM) to study and validate the analytical models, the structural and modal performance
of the MEMS actuator.

e Design and fabrication of the devices, considering the previous results. Novel micromachining
techniques, such as direct-write laser (DWL) grayscale lithography and nanoimprint lithography
(NIL), were analysed and used for the fabrication of the devices.

e Testing and characterization of the fabricated MOEMS with a DOE.

Table 1-5 presents a summary of the device requirements, taking into consideration the target application.
This specification, such as field of view, scan resolution and rate, were defined by the project’s industrial
partner, namely Bosch, within the developments of the Sensible Car: Automated Driving (POCI-01-0247-
FEDER-037902) project, assuming automotive application.

Table 1-5 - MEMS and DOE requirements.

MEMS Mirror Requirements

Vertical/Slow Axis Horizontal/Fast Axis

Field of View 13° 54°
Deflection +1.3° +13.6°
Frequency > 87 Hz 10 Hz
Reflective surface area ~l mmx 1 mm
Scan Resolution 0.15°
Scan Rate 10 Hz

Diffractive Optical Element Requirements
Diffraction Pattern 5 spots
Angular spot separation 2.6°+0.15°
Diffraction Uniformity 30%
Reflectivity > 90%

Here, the main innovation of the proposed work is the device itself, i.e., the implementation of the DOE
on the mirror surface to meet LiDAR specifications. However, to achieve this, several new approaches

will be implemented, such as:

e The use of grayscale lithography to create multilevel asymmetric electrodes for MEMS scanner
actuation;
e The implementation of NIL to reduce costs and time of the multilevel process for mass

production.
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1.7 Document organisation

This document is divided into seven main chapters to better understand the proposed research work and
activities that were essential during this doctoral thesis. Figure 1-20 describes the overall organization
and flow of the present thesis, highlighting the main steps of each chapter, the correspondent milestone

and scientific contributions, such as scientific presentations, journal papers and patents.

The introduction is the first one, where the literature review, motivation and context of the work are
described. In the second chapter, it is detailed the process and experimental techniques review. Here,
the theoretical foundations for the micromachining of the proposed device are presented. In the third
section, MEMS mirror, all the theoretical foundations and analytical and FEM simulations of the MEMS

scanner are detailed, including the final design of the MEMS structure of this thesis.

In the fourth section, Diffractive Optical Elements, the theoretical studies related to this device are also
detailed with the analytical simulations of its performance and the final design. In section five, the
micromachining process is detailed. Here, several preliminary studies and tests of the different processes
are detailed, as well as the 1D and 2D MEMS scanners with the grating fabrication steps and results.
This section is followed by the Experimental Characterization section, where the overall performance of
the proposed and fabricated device is tested and characterized. Finally, the conclusions section includes

a brief description of the results and main deductions of the presented thesis.
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* Contextualization & Literature review

* Motivation

* Thesis goals

Scientific outcome: Patent application W02023111667A1, “Scanning
system for range detection sensor”

* Micromachining techniques: depaosition, lithography, etching and cleaning
INL SOl-based MEMS standard micromachining process
* Asymmetric electrodes fabrication review

Theoretical bases of an electrostatic-based gimbal 2D MEMS mirror

* Analytical and FEM evaluations

* Designed Layouts

Milestone: Mechanical design of a 2D MEMS mirror, capable to steer
within a FoV of 54° per 2.6

* Theoretical foundations of diffractive optical elements

* Analytical evaluations

* Designed Layouts

Milestone: Design of a Damman reflective DOE, to generate fice uniform
spots within the Aol range from 3° to 33°.

* Preliminary studies and optimization of the fabrication process

* MEMS mirror merged with DOE fabrication

* Replication of multilevel pattern using NIL

Milestone: Fabrication of a 2D MEMS mirror with a Dammann grating
integrated in its reflective surface.

Scientific outcome: |.S. Garcia et al, “Fabrication of a MEMS
Micromirror Based on Bulk Silicon Micromachining Combined With
Grayscale Lithography”, JMEMS, 2020

1.S. Garcia et al., “Nanoimprint lithography for grayscale pattern replication
of MEMS mirrors in @ 200 mm wafer ", JMP, 2024

* Detail on the different experimental setups used

* Characterization of the MEMS structure and DOE separately

* Multi-beam steering characterization

Scientific outcome: |.S. Garcia et al., tentative tile “All-silicon, Multispot
2D MEMS Mirror for LIDAR Applications”, to be published 2024

Figure 1-20 - Thesis structure flow.

Chapter Introduction

27



Ay

o\
)
~7

MEMS SCANNERS WITH DIFFRACTIVE OPTICAL ELEMENTS FOR LIDAR APPLICATIONS

2. Process equipment &
experimental techniques

Microfabrication, as used in the microelectronics and MEMS field, relies on bulk and surface technologies,

i.e., constructing the electronic devices and MEMS components on initially flat wafer substrates [95],
[96]. Given the significant investment made by the microelectronics industry in developing wafer-based
processes, MEMS designers stand to benefit significantly by exploring these processes or variations
thereof. In line with the stated objectives of this thesis, one of the key objectives is the micromachining
of MEMS 2D mirror and diffractive optical elements. This chapter describes the micromachining process
techniques, from deposition, lithography, etching and cleaning, used for standard procedures in the

MEMS process (Figure 2-1).

— Deposition = == Lithography = Etching — Cleaning —_

(a)

— Deposition —y Lithography — o Deposition —y Lift-off —
I N BN N . - m H N = n

(b)
Figure 2-1 — Typical micromachining process sequence, a) deposition — lithography - etching — cleaning, and b) deposition
of sacrificial layer - lithography — deposition of target material - lift-off.
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2.1 Depositions Techniques

Within the micro and nanofabrication world, deposition plays a crucial role, enabling precise and
controlled deposition of thin films onto substrates to create either functional layers, coatings, or sacrificial
layers in various microfabrication applications, such as semiconductor devices, MEMS among others,
with precise control over thickness, composition, and mechanical, optical, electrical properties. There are
different deposition techniques in use in microfabrication, from Physical Vapour Depositions (PVD),

Chemical Vapour depositions (CVD), and Atomic Layer deposition (ALD) to electroplating [95].

2.1.1 Physical Vapour Deposition - PVD

Physical vapour deposition techniques, such as sputtering, involve the physical transfer of material from
a source (solid or vapour) to the substrate, up to a few micrometres [97], [98]. The sputtering process
requires a target material as the source of the film material and typically ionized argon (Ar) as the
bombarding agent under vacuum conditions (Figure 2-2.a). To create the bombarding agent, an electric
field is applied to the inert gas, creating a plasma discharge. The high-voltage electric field ionizes the
argon gas, creating a plasma of positively charged ions that are accelerated towards the target material
due to the electric field. When these ions strike the target surface, they transfer momentum and energy
to the atoms or molecules of the target material, causing them to be ejected or sputtered from the target
surface. The sputtered atoms or molecules travel through the vacuum chamber and deposit onto the
substrate, growing a thin film. Here, the film properties, such as thickness and composition, can be
controlled by adjusting various parameters during sputtering. These parameters include the sputtering

power, working gas pressure, deposition time, and target-substrate distance.
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Figure 2-2 — Deposition techniques schematic, (a) PVD, (b) CVD, and (c) electroplating.

Sputtering offers several advantages as a thin-film deposition technique. It allows for high deposition rates,

uniform film thickness distribution, and good adhesion between the film and substrate. Sputtered films
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also exhibit excellent material purity, making them suitable for applications requiring high-quality films
with high purity and good adhesion. This technique is highly versatile and compatible with various

materials, including metals, alloys, oxides, nitrides, and semiconductors [98].

Within the cleanroom facilities of the International Nanotechnology Laboratory (INL), a variety of PVD

systems are available for the deposition of diverse materials. These systems include:

e The Singulus multi-target sputtering tool (Timaris MTM) is designed for ultra-thin, magnetic, and
high-quality film depositions, maintaining ultra-high vacuum conditions [99]. This UHV single
wafer cluster tool includes a transport module, a multi-target PVD module with 10 DC/RF
cathodes, and a soft etch/oxidation module. It deposits magnetic and non-magnetic layers on
wafers up to 200mm diameter using DC/RF Magnetron Sputtering. The Linear Dynamic
Deposition (LDD) technology in this tool allows for the creation of wedge films and alloy films with
adjustable concentration gradients, enhancing film stack development and device advancement;

e The Kenosistec KS1000 multi-target confocal sputtering [100] tool, a multi-target UHV sputtering
system, comprises a deposition chamber with 11 2" diameter magnetrons arranged in a confocal
geometry. This arrangement is optimized for the co-deposition of materials on wafers up to
200mm in diameter;

e The Metallization Singulus sputtering tool (Timaris FTM) for Al, TiW(N), and ALO, is a

Four-Target-Module (FTM) designed for high-quality metallic, conductive, and insulating films
[99]. This UHV tool includes a transport module, a multi-target PVD module with up to four DC/RF
cathodes, and a soft etch/oxidation module. It supports the deposition of various layers on wafers
up to 200 mm diameter, ensuring film uniformity. The FTM incorporates LDD technology with up

to four sputter targets in one vacuum chamber.

2.1.2 Chemical Vapour Deposition — CVD & PECVD

Chemical vapour deposition (CVD) techniques involve the deposition of thin films (in theory, up to a few
micrometres) by chemical reactions between precursor gases and the substrate surface [95], [101].
These reactions result in the formation of solid films with controlled composition and desired properties.
CVD techniques, including plasma-enhanced CVD (PECVD) and low-pressure CVD (LPCVD), are widely
used for the deposition of a wide range of materials, including silicon dioxide (SiO,), silicon nitride (Si;N.),
and amorphous silicon (a-Si), widely employed to create dielectric films, passivation layers, and barrier

coatings.
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As depicted in Figure 2-2.b, the substrate, typically silicon or glass, is placed inside a sealed chamber
and set to a vacuum pressure level to remove residual gases or contaminants. After achieving the desired
vacuum level, precursor gases are introduced into the chamber. These precursor gases consist of reactive
and non-reactive gases, chosen based on the film material to be deposited. The reactive gases often
contain silicon, oxygen, nitrogen, or carbon. Regarding PECVD, in order to create the chemical reactions
required, a plasma of the reacting gases is generated. A radio frequency (RF) power source is applied to
create plasma within the chamber and to initiate the film deposition. The high-frequency electrical field
applied to the precursor gases generates the plasma, causing the molecules to become ionized and
dissociated. The energetic ions and radicals from the non-reactive gases in the plasma react with the
precursor gases, leading to chemical reactions that result in the formation of the desired film. The film
thickness is controlled by adjusting parameters such as gas flow rates, pressure, and deposition time.
Monitoring and controlling these parameters are crucial to achieving the desired film properties, such as

thickness, composition, and uniformity.
At the INL, a range of CVD-based systems are employed for various material depositions:

e The EasyTube 3000, a FirstNano hot wall quartz tube furnace, is used for graphene deposition
[102]. This system, capable of operating under atmospheric or low-pressure/vacuum conditions,
features a 3-zone furnace with precise temperature control through a feedback loop. It operates
in either Furnace or Cascade modes, which ensures temperature stability (less than 0.2 °C
variation) around the set point (up to 1100 °C) for prolonged depositions. The system, controlled
by programmable proprietary software, handles substrates up to 10 cm x 15 ¢cm, automating all
steps of the CVD process except loading and unloading;

e The SPTS MPX CVD [103] system is dedicated to the deposition of oxides, oxynitrides, and
amorphous silicon (a-SiH) using Plasma Enhanced Chemical Vapor Deposition (PECVD). It
features a single wafer processing chamber and dual high/low-frequency RF options, employing
plasma to accelerate chemical reactions, enabling thin film deposition at temperatures typically
below 300°C;

e The MicroSys 400 from Roth & Rau Microsystems, a PECVD system designed for Carbon
Nanotube (CNT) and carbon layer deposition, is tailored for nanoscale growth. It supports the
growth of carbon nanotubes with varying aspect ratios for applications in field emission sources,
biosensors, and microfluidics. This system offers high-performance growth with in-situ catalyst

activation and rigorous process control, accommodating flexible temperatures up to 700°C;
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e Additionally, INL houses a thin film silicon CVD system, which is hotwire and radio-frequency
assisted, for the deposition of doped and intrinsic silicon layers. This system is integral for the

development of advanced silicon-based thin films.

2.1.3 Electroplating Deposition

Electroplating is a deposition technique used to create metallic coatings on substrates through an
electrochemical process. It involves the use of an electrolytic bath and the application of an electric current
to drive the deposition of metal ions from the solution onto a conductive surface, resulting in the formation

of a uniform and adherent metal layer up to several micrometres [104], [105].

The electroplating process begins with the preparation of the substrate, which is typically made of a
conductive material such as metal or semiconductor. The substrate is thoroughly cleaned and pre-treated
to ensure good adhesion and promote uniform deposition. Then, it is immersed in an electrolyte solution
containing metal ions of the desired plating material, Figure 2-2.c. The electrolyte solution consists of a
specific metal salt dissolved in a suitable solvent and various additives that help control the plating
process, such as Ph adjusters. The process starts with the deposition of a seed layer, which is a thin,
conductive coating applied to a non-conductive substrate to initiate and facilitate the uniform growth of
the electroplated material. To initiate the electroplating, the substrate is connected to the cathode of an
electrical circuit, and a metal electrode of the same material is connected to the anode. When an electric
current is applied, metal cations from the electrolyte solution are reduced at the cathode (substrate)
surface, resulting in the deposition of metal atoms or ions onto the substrate. During the electroplating
process, various factors affect the quality and characteristics of the deposited film. These include the
current density, seed layer thickness and uniformity, bath composition, temperature, and plating time.
Careful control of these parameters is fundamental to achieve the plated metal layer's desired thickness,
composition, and uniformity. Electroplating offers several advantages as a deposition technique. It enables
the deposition of a wide range of metals and alloys, providing versatility in material selection. The process
also allows for precise control over the thickness of the deposited film. Furthermore, electroplating
produces highly adherent films with excellent coverage and surface finish. The electrochemical nature of
the process ensures good adhesion between the plated layer and the substrate, leading to enhanced
mechanical properties and durability of the coating. However, electroplating also has some limitations. It
is primarily limited to conductive substrates due to the requirement of an electric current for the deposition
process. Complex-shaped substrates may pose challenges in achieving uniform deposition, as uneven

current distribution can lead to variations in film thickness. Additionally, the process may involve using
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toxic or hazardous chemicals, requiring proper handling and disposal procedures. Furthermore, while
several sputtering targets can be installed in the sputtering tool, each bath is specific for a given target

metal species.

At the International Nanotechnology Laboratory (INL), the AMMT GmbH system is used for copper (Cu)
electroplating [106]. The pGalv process tool, designed for Cu electrodeposition, accommodates wafers
up to 200mm. This system features a media flow subsystem that ensures exceptional homogeneity across
even large wafers. Additionally, the rotating wafer holders in the system are optimized to provide optimal

uniformity in every plating cell design.

2.1.4 Atomic Layer Deposition — ALD

Atomic Layer Deposition (ALD) is a thin-film deposition technique that allows for precise control over film
thickness and uniformity at the atomic level (a few tens of nanometers) [107], [108]. This technique is
known for its ability to create high-quality thin films with excellent conformality and uniformity, making it

particularly suitable for applications where precise control and uniformity are critical.

The ALD process involves sequential and self-limiting surface reactions to deposit thin films layer by layer.
It typically begins with the introduction of a reactive precursor gas into a vacuum chamber containing the
substrate to be coated. The precursor gas interacts with the substrate surface, forming a monolayer of
chemisorbed molecules. After the adsorption step, an inert purge gas is introduced to remove unreacted
or excess precursor molecules from the chamber. This ensures that only a single layer of molecules is
deposited on the substrate surface. Then, a second precursor gas is introduced, which reacts with the
first layer of adsorbed molecules on the substrate. The reaction between the two precursors forms a new
layer on top of the initial layer. Again, a purge step follows to remove any remaining precursor gases. The
alternating precursor exposure and purging process is repeated until the desired film thickness is
achieved. The self-limiting nature of the reactions ensures precise control over film growth, as each

deposition cycle adds a uniform layer of material.

ALD offers several advantages. One of its key strengths is the ability to deposit conformal films on complex
and high-aspect-ratio structures, such as trenches, pores, or 3D structures. This conformality is achieved
because selflimiting reactions can penetrate small gaps and uniformly coat all exposed surfaces.
Moreover, it can deposit films of a wide range of materials, including oxides, nitrides, metals, and more,

with excellent uniformity and control over film thickness down to the atomic level [108].
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However, ALD has some limitations and considerations. The process is typically slower than other
deposition techniques due to the sequential nature of deposition cycles. It may require multiple deposition
cycles to achieve the desired film thickness, resulting in longer deposition times. Furthermore, it also
requires highly volatile and reactive precursor gases, which can be expensive and challenging to handle.
The process may also be sensitive to impurities or moisture, requiring careful control of the deposition

environment.

At the INL, the Beneq TFS 200 [109] tool is used. This tool is engineered to facilitate the deposition of
high-quality coatings on various substrates, including wafers, planar objects, porous bulk materials, and
complex 3D objects, particularly those with high aspect ratio (HAR) features. The design of the Beneq
TFS 200 is specifically tailored to minimize cross-contamination, a crucial consideration in a multi-user

research environment.

2.1.5 Spin coating

The spin-coating deposition technique is a widely used method for applying thin films to substrates. It
involves depositing a small puddle of fluid material onto the centre of a substrate and then spinning the
substrate at high speed. The centrifugal force generated by the spinning motion causes the fluid to spread
outwards and thin into a uniform film. The thickness of the film can be controlled by the viscosity of the

solution, the speed of rotation, and the duration of the spin [110], [111].

Spin-coating is particularly advantageous for its simplicity, repeatability, and ability to produce uniform
films over a relatively large area. It is a standard technique in the fabrication of microelectronics and for
the deposition of materials in photovoltaics, sensor technology, and the creation of various nanostructured
materials. The process parameters can be finely tuned to achieve the desired film thickness and
uniformity, which is critical for the performance of the final device. The technique is also beneficial for its
compatibility with a wide range of materials, including polymers, sol-gels, and small-molecule solutions.
This versatility makes it an essential tool in research and development settings where new materials and

layer structures are being explored.

At INL, both manual (SCS/EMS) and automatic (Karl Suss Gamma Cluster) spin coating tools are used.
The Gamma Cluster’s automated tracks are designed for spin coating and developing processes on wafers
up to 200 mm, catering to multi-layer and thick-resist coatings. The setup includes two distinct tracks:

one for optical resist and another for electron beam resists.
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2.1.6 Summary

The deposition techniques differ in several characteristics. The selection of a deposition technique
depends on material requirements, substrate compatibility, film quality, process scalability, and other
considerations in microfabrication design and manufacturing. Table 2-1 summarizes each technique’s

overall characteristics, comparing each other’s, where:
e Film quality refers to the deposited films' overall quality, uniformity, and purity;

Materials means the range of materials that can be deposited using the technique;

o Adhesion refers to the strength and durability of the film-substrate adhesion;

e Deposition Rate is the speed at which the film is deposited onto the substrate;

o Conformality is the ability of the technique to coat complex surface topographies uniformly;
o Temperature refers to the temperature requirements during the deposition process.

It is necessary to highlight that the ratings for each characteristic presented are relative and may vary
depending on specific process parameters and equipment. INL cleanroom facility has available the
presented deposition techniques, each with a specific set of target materials, namely, PECVD for
non-conductive materials, such as silicon dioxide, silicon nitride, and amorphous silicon; sputtering for
metals and alloys, such as gold, nickel, aluminium (AISiCu), Tungsten, among others; electroplating,

copper; ALD, alumina (ALO,).

Table 2-1 - Summary of the different deposition techniques and respective characteristics.

Technique Film Quality Materials Adhesion Deposition Rate Conformality ~ Temperature
CVD High Wide range Good Moderate Moderate High
PECVD High Wide range Good Moderate High Low
PVD High Metals, alloys Good High Moderate Moderate
Sputtering High Wide range Good High High Low
Electroplating Moderate Metals, alloys Excellent High Low Low
ALD High Wide range Excellent Low High Low

2.2 Lithography Techniques

Besides deposition, lithography techniques play a pivotal role in microfabrication, enabling the precise
patterning and production of intricate structures at the microscopic scale. In microfabrication, lithography

serves as the fundamental process for transferring patterns onto substrates, such as silicon wafers, using
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light or radiation. Lithography is the means by which a given design is patterned using light in a
photosensitive resin called optical resist. By employing the principles of optics and photochemistry,
lithography techniques offer control over the creation of nano-sized features, allowing the fabrication of
advanced electronic devices, integrated circuits, microelectromechanical systems (MEMS), and various
other microscale structures. Over the years, lithography has undergone significant advancements,
enabling higher resolution, increased throughput, and improved manufacturing capabilities, thereby
revolutionizing the fields of electronics, photonics, biotechnology, and nanotechnology. The lithography
process requires a series of steps, starting with the preparation of the desired substrate to be patterned,
followed by the precise application of a photosensitive material coating. Then, the substrate undergoes
pattern exposure, followed by a subsequent development stage. These critical steps collectively enable

the formation of highly defined patterns and structures.
Substrate preparation

The preparation of the wafer is a critical step prior to the patterning process to increase its success. The
cleaning from chemical impurities and particles, the heating for the desorption of water, and treatment
with an adhesion promoter are all part of the substrate’s preparation for the resist coating. SiO,, in the
form of quartz, glass or silicon with (native) oxide, as well as most base metals, form polar OH bonds on
their surface after sufficiently long exposure to atmospheric humidity, becoming hydrophilic and therefore
exhibiting a poor affinity for the non-polar or low polar resin molecules of the photoresist. To make such
a substrate surface hydrophobic (water-repellent and thus photoresist-attractive), non-polar molecules of
adhesion promoters, such as HMDS (Hexamethyldisilazane) primer, can be chemically bound on it.
HMDS is an adhesion promoter commonly used on semiconductor surfaces. Its simplified reaction
mechanism bonds on oxygen-free surfaces with its Si atom to the O atoms of oxidized substrate surfaces,
releasing ammonia. The non-polar methyl groups directed away from the substrate form a hydrophobic
surface with correspondingly good resist wetting and adhesion. This process requires an oven chamber
system that can vapour prime the wafer with HMDS, dehydrating the surface to make it hydrophobic to

improve photoresist adhesion.
Resist spin-coating and adhesion

In the spin-coating technique, a few millimetres of resist are typically dispensed on the substrate, typically
brought to a rotational speed of several hundred rotations per minute. Due to the centrifugal force, the
dispensed resist spreads into a uniform resist film with the desired thickness defined by the rotation

speed and resist viscosity; excess resist is spun off the edge of the substrate. This process typically takes
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only 10-20 seconds and permits the short cycle times of less than one minute required for industrial
production, including dispensing and wafer handling. The resist films attained by spin-coating are very
smooth, can be adjusted in their thickness very accurately and reproducibly, and show excellent thickness
homogeneity, at least for circular substrates as wafers). These can be negative or positive photoresists,
where positive photoresist becomes soluble when exposed to light, allowing for the selective removal of
exposed regions, whereas negative photoresist becomes insoluble upon exposure, enabling the retention

of exposed patterns during the development process.
Exposure

The exposure process is a fundamental stage within the lithography technique, serving as a critical step
in microfabrication. It involves the precise projection of light or radiation onto a photosensitive material-
coated substrate, forming intricate patterns and structures. The exposure process uses masks or reticles

containing the desired pattern to be transferred onto the substrate surface.

These masks act as a pattern, selectively allowing or blocking the passage of light or radiation. When
exposed to the light source, the photosensitive material undergoes a chemical or physical transformation,
enabling the formation of distinct regions of exposed and unexposed material. Factors such as the
wavelength of light, exposure dose, and the characteristics of the photosensitive material all contribute to
the success of this process. Furthermore, different exposure techniques, such as mask-aligner, direct-
write-laser, and electron beam lithography, offer versatile options for different layout feature sizes and
throughput. In this section, these techniques will be detailed, summarizing the advantages and

disadvantages of each.
Development

After the exposure of the photosensitive material, the substrate undergoes a meticulous development
process using an aqueous solution. This solution acts as a selective solvent, dissolving the unexposed
regions of the photosensitive material while leaving behind the exposed areas intact (in the case of a
positive resist). The lithography defined pattern is, therefore, transferred to the resin on the wafer. The
selection of the appropriate development solution and parameters, such as temperature and development
time, is critical to achieving high-resolution patterns and ensuring the desired level of precision in
microfabrication. Precise aqueous solution compositions and development times for a given resist

thickness must be calibrated to avoid under and overdevelopment.
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2.2.1 Photolithography — Mask Aligner System

One of the most common exposure techniques is photolithography, also known as mask aligner system
(MA). In this technique, a photomask, or hard mask, previously micromachined, is required. This mask
usually consists of a glass or quartz plate as the substrate on which a thin lithographically patterned
chromium layer works as the non-transparent pattern. In order to expose the chromium pattern to the
desired substrate, parallel light passes through the transparent areas of a photo mask onto the resist film.
The dimensions of the structures on the photo mask correspond to 1:1 the dimensions of the exposed

areas of the resist film.

Here, the photo mask and the surface of the resist film can be in direct contact to optimize the attained
resolution, whereas, for example, textured substrates may require a gap between the mask and the resist
film. At INL's cleanroom facilities, two mask aligner systems from Suss Microtec are available: the
MAG6BABG, designed for 6-inch exposure areas, and the MA/BAS, suitable for 8-inch exposure areas [112].
Both tools are equipped to perform front-side (FS) to FS alignment, as well as FS to back-side (BS)
alignment, utilizing distinct alignment systems for each process. The standard process flow of lithography

in the MA system is presented in Figure 2-3.
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Figure 2-3 — Photolithography process flow.

2.2.2 Direct-Write-laser Lithography

Direct-Write-laser (DWL) lithography is a high-precision technique employed in micromachining that entails
the creation of a pattern on the photoresist, which subsequently functions as a sacrificial layer during the
etching or deposition processes of surface and bulk micromachining. Unlike traditional photolithography
methods that rely on masks and indirect exposure, direct-write lithography employs a focused light source

to directly write patterns onto a substrate, enabling intricate designs at the microscale level [113].

In this technique, precise control of the laser head and alignment allows the production of, in theory,
down to half of the laser wavelength (4/2) resolution lithography. Moreover, the substrate stage is
controlled by an interferometer and moves continuously in the y-direction while the laser beam is scanning

in the x-direction by fast acoustic-optical deflection. At INL facilities, the Heidelberg DWL 2000 system
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[114] is available, which is a high-resolution, laser-based maskless optical lithography system. It has the
capability of exposing at two different wavelengths: 405 nm, with digital design information on a 25 nm
writeable address grid. It writes directly on photoresist-coated quartz or soda lime mask blanks as well as
on wafers as large as 200 mm. The maximum speed is 105 mmz per minute, with a 700 nm minimum

structure size.

DWL lithography offers several key benefits, such as high precision, relatively rapid prototyping, material
flexibility and customization. Moreover, the ability to perform automatic dose modulation during exposure
enables grayscale lithography, enabling new applications in optical devices. However, direct-write
lithography also comes with challenges. The process can be relatively slow compared to other lithographic
methods, and achieving high throughput for large-scale production can be a hurdle. Additionally, ensuring
precise control over the energy source and maintaining stable operation is essential for achieving

consistent results.

The standard process flow of lithography in the DWL system is presented in Figure 2-4.
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Figure 2-4 — DWL lithography process flow.
Grayscale Lithography (GS)

Grayscale lithography permits the microfabrication of masks with varying levels of photoresist thickness.
This technique harnesses the power of focused laser beams to create intricate 2.5-dimensional structures
[115], [116]. By incorporating varying levels of exposure across a substrate, grayscale direct-write

lithography enables the fabrication of structures with smooth gradients, height variations, and fine details.

In GS lithography, the photoresist layer is exposed with a lateral exposure dose variation using an
intensity-controlled laser beam. The local development rate of the exposed photoresist changes according
to the exposure dose, as depicted in Figure 2-5, and the desired resist topography is generated during
the development process, resulting in a multilevel mask with different thickness levels on the photoresist.
This advanced lithographic technique is frequently used to pattern micro-lenses, diffractive optical
elements, and computer-generated holograms. However, it is also capable of generating discrete
photoresist levels. While grayscale direct-write lithography presents exciting opportunities, it also presents

challenges. Accurately controlling exposure levels and material responses requires careful calibration and
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optimization. Furthermore, the technique may involve complex multi-step processes to achieve the
desired final structure [117]. In typical mask photolithography, GS exposures are not possible to be
produced, given that the concept in this process is that the chromium areas on the hard mask block the

exposure light. It is only possible to expose binary masks.
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Figure 2-5 — DWL grayscale lithography process flow.

2.2.3 E-beam Lithography

E-beam (electron beam) lithography stands as a keystone in the realm of advanced nanofabrication
techniques [118], [119]. Unlike traditional photolithography, which relies on light waves to create
patterns, e-beam lithography employs a highly focused electron beam to write patterns directly onto a
resist-coated substrate. This electron beam is generated by a precise electron gun, allowing precise
control over the beam's position and intensity. The intricate patterns at a nanoscale level are generated
by raster scanning the beam across the substrate's surface, as depicted in Figure 2-6. The resist material
undergoes chemical or physical changes when exposed to the electron beam, facilitating the transfer of
the pattern to the underlying substrate through subsequent development and etching steps. At INL, the
Vistec 5200 ES 100 kV e-beam system is available and designed for high-resolution fabrication of patterns
directly written on substrates up to 200 mm. This system enables the exposure of structures with

minimum dimensions below 10 nm on various substrates, including silicon, glass, and SiO..

One of the standout features of e-beam lithography is its exceptional resolution. With electron beams
being much smaller than UV light used in standard lithography, this technique can produce features on
the order of a few nanometers, surpassing the limits of optical lithography (except EUV). This high-
resolution capability allows the creation of nanoscale devices, such as transistor gates, sensors, and

photonic components, which exhibit enhanced performance and novel functionalities.

However, despite its many advantages, e-beam lithography has specific challenges. The process can be
relatively slow compared to other lithographic methods, which can limit its throughput for large-scale
manufacturing. Additionally, the equipment and infrastructure required for e-beam lithography can be
complex and expensive, making it more accessible to research environments and specialized fabrication

facilities.
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Figure 2-6 — E-beam lithography process flow.

2.2.4 Nano-imprint Lithography (NIL)

Nano-imprint lithography (NIL) has emerged as a powerful and versatile nanofabrication technique,
offering the potential to create intricate patterns and structures at the nanoscale with high precision and
efficiency [120], [121]. Inspired by the concept of a stamp, nano-imprint lithography employs a mould to
transfer patterns onto a substrate through a combination of mechanical deformation and selective
material deposition. The process typically involves several key steps, such as stamp,/master fabrication,
imprint process, curing and solidification, and de-moulding, as depicted in Figure 2-7. Initially, a master
mould, with the desired pattern in relief, is created using conventional lithography techniques or more
advanced methods, such as electron beam lithography, as previously detailed. Then, during the imprint
process, the master is brought into contact with a thin layer of a resist material coated onto a substrate.
By applying pressure and heat, the resist material is deformed, conforming to the shape of the master.
After the imprint, the resist is cured or solidified through UV exposure or thermal treatment. This step
stabilizes the pattern and enhances its durability. The master is separated from the resist-coated
substrate, leaving behind the imprinted pattern on the substrate's surface. In some cases, an additional
etching step may be employed to transfer the pattern from the resist to the underlying substrate material,

resulting in a permanent nanoscale structure.

Nano-imprint lithography offers several advantages, from high resolution, throughput, and scalability (NIL
can be relatively fast, especially for large-area patterning, which makes it suitable for both research and
industrial-scale production) to its versatility since NIL can be applied to a variety of materials, including
polymers, metals, semiconductors, and even biological materials. Moreover, nano-imprint lithography can
offer cost savings compared to other nanofabrication methods due to its simplified process flow and
potentially reduced infrastructure requirements. While nano-imprint lithography boasts numerous
benefits, it also faces particular challenges and considerations. Template fabrication demands high
precision and careful design to achieve the desired pattern fidelity. The imprinting process can also be

sensitive to factors such as uniform pressure application and temperature control.
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At INL, the Obducat Eitre8 is used for nano-imprint techniques. This system provides a semi-automated
and cost-effective lithography solution, enabling the replication of patterns in the micro- and nanometer

range for processing 200 mm wafers.
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Figure 2-7 — Nano-imprint lithography process flow.

2.2.5 Summary

The lithography techniques differ between each other’s in several characteristics. The selection of a
technique depends on factors such as resolution, complexity, costs, processing time, throughput, mask
requirements, and material compatibility, which are critical considerations in microfabrication design and
manufacturing. Table 2-2 summarizes each method's overall characteristics, comparing each other’s,

where:

e Resolution refers to the ability to create fine features and achieve high resolution;

e (ost concerns the cost of equipment, materials, and process complexity varies among
lithography techniques;

e Throughput is the throughput or the speed at which patterns can be produced;

e Mask Requirements refer to particular needs of some lithography techniques, such as
photolithography and proximity lithography, which require the use of masks or templates to

transfer the desired pattern. This adds an additional step and costs to the process.

It is necessary to highlight that the ratings for each characteristic presented are relative and may vary

depending on specific process parameters and equipment.

Table 2-2 — Summary of the different lithography techniques and respective characteristics.

Pattern Mask
Technique Resolution  Flexibility Costs Time Complexity ~ Throughput Requirements
Photolithography High High Moderate  Moderate Moderate High Yes
Direct-Write Lithography Variable High Moderate  Low High Low No
Nano-imprint Lithography  High High Low Low Moderate High Yes
Electron Beam Lithography
(EBL) Ultra-high  High High Moderate High Low No
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2.3 Etching Techniques

Etching serves as the sculptor's tool, shaping patterns and structures with precision. By selectively
removing material from a substrate, etching plays a pivotal role in creating complex nanostructures and
can be broadly categorized into two main types: dry etching and wet etching [95], [96], [122]. Before
starting the etching process, the surface that will be etched needs to be readied. This involves covering it
with a protective layer, usually made of photoresist or a similar material that can withstand the etching
chemicals in the plasma. To ensure precise etching, a mask or protective layer is typically applied to the

substrate, guiding the etching process and confining it to specific regions.

2.3.1 Wet-etching

Wet etching involves immersing a substrate in a liquid chemical solution to dissolve and remove material.
The process is guided by the choice of etchant and the design of a protective mask to ensure selective
material removal. Wet etching offers simplicity, low cost, and ease of implementation, particularly for

isotropic etching. Several types of wet etching techniques are commonly used:
Anisotropic Wet Etching

Anisotropic wet etching is a specialized chemical etching technique wherein the rate of material removal
varies based on the crystallographic orientation of the substrate. This process is particularly prominent in
the microfabrication of silicon wafers, where it exploits the differential etch rates of silicon in specific
crystallographic directions to create well-defined geometric structures. When the substrate is immersed
in a specific etchant solution, the etchant reacts preferentially with certain crystal planes, allowing for the
creation of sharp, angular features such as V-grooves, channels, and pyramidal pits. The most used
etchant for silicon is potassium hydroxide (KOH), although other solutions like tetramethylammonium
hydroxide (TMAH) and ethylenediamine pyrocatechol (EDP) are also employed. Anisotropic wet etching is
critical in the fabrication of microelectromechanical systems (MEMS) due to its ability to produce deep
structures with precision. However, careful control of parameters such as etchant concentration,
temperature, and etching time is required to achieve the desired geometric outcomes. At INL, TMAH and

KOH silicon etch tanks from AMMT GmbH are available.
[sotropic Wet Chemical Etching

Isotropic wet etching is a chemical etching process in which material is removed uniformly in all

directions. Unlike anisotropic etching, which etches preferentially along specific crystal planes, isotropic
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etching results in rounded profiles. When a substrate is immersed in an etchant solution, the chemical
reaction occurs at the same rate on all exposed surfaces, leading to a uniform lateral and vertical etch
rate. Common etchants used for isotropic etching include hydrofluoric acid (HF) for silicon dioxide and a
mixture of nitric acid, hydrofluoric acid, and acetic acid (often referred to as the "HNA" mixture) for silicon.
Isotropic wet etching is often employed when the specific orientation of the substrate is not critical or
when a rounded profile is desired. However, it is essential to monitor the process closely, as the uniform
etching can lead to significant undercuts beneath masking layers, which might be detrimental in specific
microfabrication applications. Figure 2-8.a illustrates the use of isotropic wet etching through the openings

in a masking layer to pattern a thin film on a substrate.

Isotropic etching Anisotropic etching

Slow etching
crystal plane

(a) (b)
Figure 2-8 — Isotropic (a) and anisotropic (b) cross-section profile.

Electrochemical etching

Electrochemical etching, often referred to as electro-etching, is a process used to selectively remove
material from a metal or metallic alloy surface by employing an electric current [122]. In this technique,
the metal workpiece is submerged in an electrolytic solution and acts as the anode, while a cathode,
typically made of an inert material, is also immersed in the same solution. When a voltage is applied
across the anode and cathode, an electrochemical reaction occurs, leading to the dissolution of the metal
at the anode. The material removal rate and the etched surface quality can be controlled by adjusting
parameters such as voltage, electrolyte composition, temperature, and etching time. Electrochemical
etching offers several advantages over traditional etching methods, including minimized mechanical and
thermal stresses, reduced surface roughness, and the capability to transfer complex and well-defined

patterns.

2.3.2 Dry Etching

Dry etching, also known as plasma etching, involves the use of ionized gases or plasmas to chemically
react with the material on a substrate's surface [95], [96]. The controlled bombardment of ions and
reactive species removes material through physical sputtering or chemical reactions. Dry etching
techniques are prized for their high selectivity, anisotropy (directional etching), and ability to etch fine

features. There are several common types of dry etching techniques:
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Reactive lon Etching (RIE)

Reactive lon Etching (RIE) harnesses the power of plasma to selectively remove material from a
substrate's surface, providing high selectivity, anisotropy, and fine control over etching rates, which makes
it an indispensable tool in the creation of cutting-edge semiconductor devices, MEMS, photonic

components, and more [123].

The fundamental principle of the RIE technique lies in the controlled chemical reactions between reactive
ions and the material to be etched. A low-pressure gas (often a mixture of chemically reactive gases) is
introduced into the reaction chamber. The RF electromagnetic field generated by the coil induces
ionization of the gas, creating a dense and highly reactive plasma. The energetic ions in the plasma are
accelerated towards the substrate's surface due to the applied electric fields. These ions collide with the
substrate material, physically sputtering away atoms or molecules. Reactive gas species within the plasma
chemically react with the exposed material, forming volatile byproducts that can be removed from the
substrate surface. The etching process can be controlled by adjusting parameters such as gas
composition, pressure, power, and bias voltage. Anisotropic etching can be achieved by exploiting the
directionality of the ion bombardment. Reactive lon Etching is often chosen for nanofabrication due to its
many benefits. These include its ability to anisotropically etch a substrate, with a high level of materials
selectivity, good feature resolution, controllable process and effective pattern transfer. However, RIE does
come with some challenges, such as the possibility of sidewall damage, issues with the mask's selectivity,
and the risk of contamination. To address these issues, it is essential to carefully optimize and monitor
the RIE process. At the International Nanotechnology Laboratory (INL), several reactive ion etching

systems are used for material etching:

e Fluorine-based Reactive lon Etch System (SPTS APS): This system is designed for anisotropic
etching of silicon oxide, silicon nitride, polysilicon, and other materials using fluorine chemistry.
It features a heated metallic process chamber with optimized geometry for improved plasma
confinement and reduced chamber deposition;

e Oxide Vapor Etch Release System (SPTS/PRIMAXX uEtch): Comprising an uEtch module within
a ventilated cabinet, this system includes an anhydrous hydrogen fluoride gas cabinet and a gas
leak detection system for safety;

o XeF?2 Isotropic Si Etch System (Xactic X4): This system utilizes XeF2 vapour phase etching,
offering high selectivity of silicon over other materials, with etch rates dependent on the exposed

silicon area.
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Inductively Coupled Plasma Etching

Inductively Coupled Plasma Etching (ICP etching) etching uses ionized gases and electromagnetic fields
to selectively remove material from a substrate [124]. Reactive lon Etching (RIE) and Inductively Coupled
Plasma (ICP) Etching are both plasma-based etching techniques used in semiconductor manufacturing,
but they differ significantly in their mechanisms and capabilities. RIE generates plasma by applying RF
power directly to the gas mixture, which ionizes the gas. This technique, however, offers limited control
over ion density and energy, leading to less precise etching profiles. ICP, on the other hand, uses a coil
to induce a magnetic field that ionizes the gas, creating a higher plasma density. Additionally, ICP systems
often employ a separate RF power source for the wafer bias, allowing for independent control of plasma
density and ion energy. This dual control system in ICP results in more anisotropic etching profiles,
making it ideal for applications requiring high aspect ratio features and fine patterns. In contrast, RIE is
more straightforward and cost-effective, suitable for applications with acceptable moderate etch rates and

profiles.

The advantages of ICP etching over other etching techniques are numerous and significant: anisotropy
[125], high aspect ratio structures, high selectivity, precision and fine details, and minimal damage. While
ICP etching offers exceptional benefits, it also presents challenges. Process optimization, mask design,
and precise control of parameters such as gas flow rates and RF power are required to achieve the desired
results. Additionally, the equipment required for ICP etching can be complex and specialized, making it

more suitable for research and advanced manufacturing facilities.

At INL, chlorine-based reactive ion etch systems are available for metal etching, specifically the SPTS ICP
and SPTS C2L ICP systems. The SPTS ICP is primarily dedicated to etching aluminium (Al) but is also
capable of etching titanium tungsten (TiW), titanium nitride (TiN), and aluminium oxide (AL,O,) layers. This
system excels in etching deep sub-micron features with near-vertical sidewalls while maintaining good

selectivity over the stopping layers and masks used.
Deep Reactive lon Etching (DRIE)

Deep Reactive lon Etching (DRIE), also known as the Bosch process, stands as a remarkable and highly
specialized microfabrication technique designed to create deep, high-aspect-ratio features and structures

with unprecedented precision and control [126].

In the DRIE process, also known as standard Bosch process, a combination of gases (SF., O, and C,Fs)

are injected into the DRIE chamber in short alternating etching and deposition cycles. DRIE distinguishes
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itself from conventional etching methods by its ability to etch deep, narrow channels and cavities into a
substrate, achieving aspect ratios (depth-to-width ratios) that can exceed 20:1 or more. This unique

capability is for producing 2.5D structures that push the boundaries of microfabrication [126].

This process typically involves a cyclic sequence of etching and passivation steps, which allows for
controlled and anisotropic material removal. Initially, a high-density plasma (containing ions and radicals)
is generated by introducing reactive gases, such as SF, (sulfur hexafluoride) and O, (oxygen), into a
vacuum chamber. After a certain etching period, the reactive gases are replaced with a passivation gas,
often C,F; (octafluorocyclobutane). This passivation layer forms a protective coating on the sidewalls of
the etched features, preventing lateral etching and maintaining vertical profiles. The directionality of the
plasma ions towards the substrate erodes preferably the horizontal passivation layer, exposing the silicon

floor again to the etching gases, enabling the formation of highly vertical walls.

The etching and passivation steps are cycled to incrementally deepen the etched features. The number
of cycles, layouts, features and gas compositions determines the final depth of the structures. While DRIE
offers remarkable capabilities, it also presents challenges, like the other etching techniques, including
precise process control, uniformity, and etch profile consistency. Additionally, it requires specialized

equipment and expertise to achieve optimal results.

At the International Nanotechnology Laboratory (INL), the SPTS Pegasus, a Silicon Deep Reactive lon
Etching system, is available. This system is dedicated explicitly to deep reactive ion etching of silicon,

utilizing the Bosch Process.
lon beam etching

lon beam etching (IBE), or ion milling, stands at the forefront of advanced nanofabrication techniques,
offering a powerful method to shape and modify surfaces on the micro- and nanoscale [127]. By
employing a focused beam of ions, ion beam etching enables researchers and engineers to pattern
high-aspect-ratio structures and surface modifications with high resolution. At its essence, ion beam
etching involves the controlled bombardment of a substrate's surface with energetic ions, which erode or
sputter away material through physical and chemical processes. The ions accelerate with high energies,
impact the substrate, and dislodge atoms from the surface, leading to material removal. The precision
and selectivity of ion beam etching are determined by several factors, including the ion species, energy,
angle of incidence, and process conditions. Key features and applications of ion beam etching include
precision and control, anisotropic etching (depending on the ion incidence angle), selective etching (by

choosing specific ion species and process conditions), surface modification (it can induce controlled
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surface modifications, such as roughening, smoothing, or introducing new chemical functionalities). lon
beam etching can be achieved using different ion sources, such as reactive ion sources (reactive gas
ionization) or inert ion sources (inert gas ionization). The ions can be directed to the substrate using

electrostatic or magnetic fields, enabling precise control over ion trajectories.

At INL, the Nordiko 7500, a Broad Beam lon Milling system with SIMS (Secondary lon Mass Spectrometry)
endpoint detection [128], is available. This system is built around a new 50 cm plasma source and
features a high-reliability rotary substrate table. The ion source in this system is the largest among the
series of RF (Radio Frequency) excited ion beam generators offered by the manufacturer. Interfaced to
an industry-standard SEMI MESC-compliant wafer handling platform, the system is configured for

processing various wafer sizes up to 200 mm diameter.

2.3.3 Summary

While wet etching offers simplicity, it may lack the precise control and anisotropy achievable with dry
etching. Moreover, it can be limited by the availability of suitable etchants and the risk of contamination.
The etching techniques differ in several characteristics. Table 2-3 summarizes the overall characteristics

of each method, where:

e Process Type indicates whether the etching is performed using wet chemical solutions or dry
plasma/ion beams;

e Selectivity refers to the ability to preferentially etch one material over another;

e Anisotropy is the degree of directional etching leading to well-defined vertical sidewalls;

e Resolution refers to the smallest feature size that can be achieved;

o Material Compatibility is the range of materials that can be etched using the technique;

e The process complexity level is involved with the implementation of the etching process.

Table 2-3 - Summary of the different etching techniques and respective characteristics.

Etch Technique Process Type Selectivity  Anisotropy Resolution Material Process
Compatibility ~ Complexity

Wet Isotropic Etching Wet Chemical Low Low Moderate Wide Range Low

Wet Anisotropic Etching Wet Chemical Moderate High Moderate Limited Low
Electrochemical Etching Wet Chemical Variable Variable Moderate Variable Moderate
RIE Dry Plasma High High High Wide Range Moderate
ICP Dry Plasma High High High Wide Range Moderate
DRIE Dry Plasma High High High Wide Range High

lon Beam Etching Dry lon Beam High High High Wide Range Moderate

It is necessary to highlight that the ratings for each characteristic presented are relative and may vary

depending on specific process parameters and equipment.
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2.4 Cleaning

The role of cleaning processes is removing contaminants, and enhancing the yield of the microfabricated
devices is indispensable. These processes are critical in enhancing device performance, ensuring

reliability, and enabling the realization of cutting-edge technologies.

Solvent Cleaning
Solvent cleaning involves immersing the substrate in a suitable liquid solvent to dissolve and remove
contaminants, oils, greases, and other organic or inorganic substances. Typical solvents include acetone,
isopropyl alcohol (IPA), and deionized water. Solvent cleaning is often used as a preliminary step to

remove surface debris before more aggressive cleaning methods.

Megasonic and Ultrasonic Cleaning
Megasonic and Ultrasonic cleaning employs high-frequency sound waves (megasonic and ultrasonic
waves, respectively) in a liquid medium to create cavitation bubbles that release energy upon collapse.

These energy releases help dislodge and remove particles and contaminants from the substrate surface.

Oxygen Plasma Ashing etching
Oxygen plasma ashing involves exposing the substrate to oxygen plasma, which chemically reacts with
and removes organic residues and photoresists. This process is crucial for post-etch residue removal,

such as passivation layers and photoresist masks, and is commonly used in microfabrication.

Piranha Cleaning
Piranha cleaning is a potent mixture of concentrated sulfuric acid and hydrogen peroxide. It removes
organic materials, resists, residues and other contaminants. Piranha cleaning is particularly effective for

cleaning glass and silicon surfaces.

Hot Acids/Base Cleaning
Immersing substrates in heated acidic or basic solutions, such as hydrochloric acid (HCI) or potassium
hydroxide (KOH), can effectively remove residues, oxides, and other surface contaminants.
RCA Cleaning
RCA cleaning involves a sequence of chemical cleaning steps using deionized water, hydrogen peroxide,
and ammonium hydroxide mixtures. It is commonly used to clean silicon wafers before further processing.
EKC Cleaning
Electronic Grade Kleaner (EKC) solutions are formulated chemicals designed to remove thin films,
residues, and particles from semiconductor surfaces. They offer high selectivity and are widely used in

semiconductor manufacturing.
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Hydrogen Peroxide/Ozone Cleaning
A combination of hydrogen peroxide and ozone exposure can effectively remove organic and inorganic

contaminants from substrate surfaces.

Supercritical CO, Cleaning

This technique can effectively remove organic and particulate contaminants from substrates without

leaving residue by utilizing supercritical carbon dioxide in a solvent-like state.
Each cleaning process serves a unique purpose and addresses specific challenges in micromachining:

e Contamination Removal: Micromachining involves numerous fabrication steps, often leaving
behind residues and contaminants that can degrade device performance. Cleaning processes
ensure these unwanted substances are eradicated, safeguarding the integrity of the final product;

e Surface Preparation: Clean surfaces are crucial for proper adhesion and deposition of materials
in subsequent fabrication steps. Properly cleaned surfaces enhance bonding, reduce defects,
and contribute to uniform layer growth;

e Residue Elimination: Etching processes, such as plasma and wet etching, leave behind residues
that can affect subsequent processes or alter device characteristics. Effective cleaning ensures

these residues are eliminated, preventing undesirable effects.

It is necessary to highlight that the ratings for each characteristic presented are relative and may vary
depending on specific process parameters and equipment. Table 2-4 summarizes the overall

characteristics of each method.

Table 2-4 - Micromachining cleaning techniques summary.

Cleaning Technique Process Type Contaminant Selectivity = Surface Effectiveness  Complexity
Removal Preparation

Solvent Cleaning Wet Moderate Low Good Moderate Low
Megasonic Cleaning Wet Good Low Good Moderate Low
Ultrasonic Cleaning Wet Good Low Good Moderate Low
Oxygen Plasma Ashing Dry Plasma  Good Moderate Excellent High Moderate
Piranha Cleaning Wet Excellent Moderate  Good High Moderate
Hot Acids/Base Cleaning Wet Good Low Good Moderate Moderate
RCA Cleaning Wet Good Low Good Moderate Moderate
EKC Cleaning Wet/Dry Excellent High Excellent High Moderate
Hydrogen Peroxide/Ozone Wet/Dry Good High Good Moderate Low
Supercritical CO, Cleaning Wet/Dry Good High Good Moderate Moderate
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2.5 MEMS standard micromachining process

The micromachining process available in INL is an in-house process, which means it is not a commercial
process. So, it is possible to make some variations in the method typically used within its limits. However,
an SOl-based MEMS standard process, already implemented and tested, has been used to fabricate
several MEMS devices, such as accelerometers and magnetometers, among others. This section details

this standard process.

2.5.1 Silicon-on-Insulator (SOI) wafer

SOl wafers are most common in the fabrication of microelectromechanical systems. They are also used
to fabricate complementary metal-oxide—semiconductor (CMOS) integrated circuits with particular
applications. In the CMOS technology, these wafers provide a manufacturing solution which helps reduce
power and heat while increasing the speed performance of a device [53]. SOl wafers are unique products

for specific end-user applications.

The SOI process begins with a 200 mm SOI wafer consisting of a stack of a silicon handle layer (substrate
layer), a buried oxide layer (SiO, - BOX) and a silicon device layer. Typically, the handle layer presents
625 um-thickness, the oxide layer 2 pm-thick, and the device layer can be from only 5 um-thick to some
100 um. The device layer is also called the active layer since it is where the electromechanical structures
are defined. To facilitate the wafer handling during manufacturing, the device layer is also called as the

front side (FS) of the wafer, and the handle layer as the back side (BS) (Figure 2-9).
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Figure 2-9 - Silicon-on-isolator wafer cross-sectional schematic and correspondent nomenclature.

2.5.2 Process flow

The INL's cleanroom has several systems capable of performing the different deposition, lithography and

etching techniques previously detailed. In the MEMS process, not all of them are used, and the choice is
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made considering the final goal of the process, the different characteristics of each, and the costs and

time to produce. The main steps cross sections of the standard process [129], shown in Figure 2-10,

where:

Wafer preparation;

Deposition of a thin metal layer film: A thin film typically of aluminium (or an alloy of AISiCu) or a
stack of TiW and AISiCu are sputtered on the wafer’s FS on the FTM Timaris system. Before the
deposition, a pre-etch preparation process is performed to increase the adhesion of the metal
layer to the silicon wafer;

Patterning of the metal: The sputtered metal layer is then patterned by DWL lithography, followed
by etching. Here, a thin positive photoresist (AZP4110) layer is spin-coated with a few microns
thickness on top of the metal layer. This photosensitive material is exposed using the Heidelberg
DWL 2000 system, and the exposed material is then removed by the AZ4110 developer. Both
coating and developing steps are automatically performed in the Karl Suss track. A wet etching
process follows to remove the exposed metal areas, with Aluminium etchant 16:1:1:2, and the
etch process is stopped by the submersion of the wafer into water. The electrical contacts and
the alignment marks for the following processes are patterned in this process. After this process,
the photosensitive layer is removed by Oxygen Plasma Ashing;

FS and BS SiO, layer deposition: Given the different selectivity of photoresist and silicon in the
final wafer patterning, a sacrificial layer of a compatible material with a slower selectivity to work
as a mask is desired. For that, a thick layer of silicon oxide (typically from 2 to 5 um is deposited
by chemical vapour deposition in the SPTS CVD tool on the wafer’s FS and BS. The thickness of
these layers is critical, not only for the final silicon layer depth desired to be etched but also to
control the bow of the wafer since the films present residual stress that can result in a large wafer
bow, making it impossible to process it;

BS Hard-mask patterning: To process the wafer’s BS, alignment marks must be patterned on
this side. The mask aligner from Suss Microtec, a high-resolution contact mask aligner with
sub-micron feature capability, is used to transfer these marks to the bottom-side using a second
alignment microscope. With these marks, it is possible to expose and develop the desired layout
on the DWL system and track, respectively. Then, the exposed SiO.is anisotropically etched by
RIE in the SPTS APS tool, using the silicon layer as an etch stopper. After this process, the

photosensitive layer is removed by Oxygen Plasma Ashing;
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Figure 2-10 — SOl-based MEMS standard micromachining process flow.

f. FS Hard-mask patterning: Following the same logic of the previous layer patterning, the FS
sacrificial layer is also patterned by DWL lithography, aligned with the pre-existing metal marks.
Followed again by RIE and ashing;

g. FS Structure etching: With the hard-mask set on the BS and the FS, it is possible to transfer the
pattern from the mask into the silicon layer. In this case, as it is necessary to etch the FS and
the BS of the SOI wafer, it is fundamental to take a few particular cares in this process. One of
which is the use of thermal tape. This film prevents damage to the hard-mask or the structures
already etched on the opposite side of the wafer. Another care is the sequence of the process. It
is essential to etch the structures on the FS first and only after those, the ones on the BS. This
process sequence is essential to protect the most sensitive and small features implemented in
the FS and the BOX layer (the etch stopper layer). So, initially, the FS structures are etched using
the SPTS Pegasus system through a slow Silicon DRIE etch. Afterwards, the thermal tape is
applied in the FS to protect the structures already patterned on this side;

h. BS Structure etching: The BS structures are then etched, also using the SPTS Pegasus systems,
through a fast Silicon DRIE, and finally, the FS thermal tape is removed, and the residues left on
the wafer from the etching process and from the thermal tape are removed through an O,

cleaning;
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i. Structures release: The structure release phase consists on the removal of the BOX that is
exposed. This step uses the SPTS Primaxx — HF Vapour Etcher and is designed to etch
isotropically sacrificial silicon oxide layers. The exposed silicon oxide is removed from the
structure by an anhydrous hydrogen fluoride (HF) vapour. Due to its dry nature, this process

avoids the stiction of released moving parts and damage to delicate structures.

2.6 SOl-based asymmetric electrodes processes

MEMS mirrors using out-of-plane electrostatic actuators have been presented in literature, which can be
divided into two main categories, vertical comb actuators and parallel-plate actuators. In general, comb
actuation allows for larger mirror angles (6) and, consequently, a larger field of view when compared to
parallel-plate actuation [122], since the relative positions of the electrodes in comb actuation do not limit
the maximum displacement, as well as the fact that the pull-in phenomenon intrinsic to parallel-plate
electrostatic actuation can be avoided. Several ways of combining vertical comb-drive actuators with
micromirrors have also been presented in the literature, mainly as staggered vertical combs, SVC (same
electrode dimensions with z-axis offset) [130], [131], angular vertical combs, AVC (same electrode
dimensions with an angular offset) or vertically asymmetric combs-drives (different heights with z-axis
offset) [132], [133], [134], [135]. Typical vertically asymmetric comb electrodes fabrication relies on the
use of several lithography steps to define the masks to fabricate electrodes with thickness asymmetry on
a single silicon layer. Different micromachining processes have been presented in the literature, some
that use different materials to create a two-level mask, as presented in [132], [134] and others that use

two layers of the same material defined in different lithographic steps, as in [133].

For instance, the work presented by H. Hamaguchi in [132] demonstrates the fabrication steps for
micromachining asymmetry between the sensing capacitive electrodes of a three-axis SOl accelerometer.
Figure 2-11 presents the main fabrication steps implemented in this work. Here, a double lithography is
required, where (a) an initial SiO, layer is deposited and (b) patterned with the thicker structures layout;
then, (c) a second mask layer of photoresist is deposited and patterned with the combination of the
thinned and thicker mask layouts; in (d) the exposed SiO: is removed to ensure the self-align of the sensing
electrodes. A sequential process composed by a step of silicon DRIE and mask thinning (removal of the
remaining photoresist layer) is implement (e) - (g), followed by the release of the structures by HF vapour

etching (h). Figure 2-12 displays SEM images of the asymmetric electrodes fabricated in [132].
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Figure 2-11 - Device layer main micromachining steps implemented in [132] and [135] to create asymmetric vertical

electrodes based on a double-layer mask with different materials.

Figure 2-12 — SEM images of the asymmetric vertical electrodes presented in [108], based on a double layer mask with
different materials process.
Other studies, such as [134], change the materials used as mask layers, step (b) to (e), employing
aluminium (Al) and SiO,, as presented in Figure 2-13, while [133] using a dual SiO, layer approach for

the multilevel mask.

(@) (b) © (d)

Silicon M Silicon Oxide M Aluminium
Figure 2-13 - Device layer main micromachining steps implemented in [133] to create asymmetric vertical electrodes based
on a double-layer mask with the same material.
These are often prone to misalignments between actuators, and when designing a device with a minimal
electrode gap (smaller than 3 um given a 50 um SOl layer), this misalignment can compromise the final
device performance or process yield. More recently, new attempts to develop self-aligned comb electrodes
have been presented. In [136], higher alignment tolerance is achieved by using dummy electrodes and

SOI-SOI wafer bonding. Other approaches use electrodes with the same thickness, and an offset is
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induced by out-of-plane actuation [130], [131] or by using suspended actuators and mechanically

deflecting those at the expense of complex assembly procedures [137].

This thesis proposes a 2D MEMS mirror employing vertical asymmetric comb-drive electrostatic actuation,
micromachined using a novel self-aligned, dicing-free [129] and low-cost fabrication process. This novel
fabrication process combines typical SOI-based bulk micromachining and grayscale lithography to create
a single mask with multilevel topography, followed by a sequence of etching and mask thinning steps,
creating vertically asymmetric structures enabling a small and self-aligned electrode gap of approximately
2.8 um, as presented in Figure 2-14. This process, when compared to previous references [130], [131],
[132], [133], [134], [135], presents a more straightforward and cost-effective process to achieve
non-resonant torsional motion using a single-layer device.
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Figure 2-14 - Proposed multilevel self-aligned process using grayscale lithography.
Grayscale lithography is often used to pattern micro-lenses, diffractive optical elements,
computer-generated holograms, among others [138]. However, this can also be used to create discrete
photoresist levels that, when combined with a sequential bulk micromachining process, transpose this
discrete mask to the substrate. This technique enables the patterning of perfectly aligned (no alignment
between separate lithography steps is required) asymmetric structures that, in this application, enables
the creation of self-aligned electrostatic combs where each GS level corresponds to a different thickness
to be patterned on the silicon substrate. The fact that no alignment between separate lithography steps
is required bypasses most misalignment sources from the lithography process, which may arise due to

the resolution of the system camera or from the alignment marks’ quality, among others.

2.7 Conclusions

Microfabrication, as used in the microelectronics and MEMS field, relies on bulk and surface technologies

[96], [122]. This chapter has provided an in-depth exploration of various processes employed in
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deposition, lithography, etching, and cleaning techniques. Furthermore, it has offered a comprehensive
examination of the standard Silicon-On-Insulator (SOl)-based MEMS process implemented at the INL

facility.

A primary challenge addressed in this thesis is the optimization and adaptation of the standard SOI-based
MEMS micromachining process at INL. The objective was to fabricate structures with differing thicknesses
yet perfectly aligned within the same silicon layer. To this end, the thesis reviews state-of-the-art processes
documented in the literature. These processes range from the use of sacrificial layers composed of
different materials, which exhibit varied etching rates, to methods involving sequential lithography and
mask patterning. A significant issue with both approaches is the inherent challenge of aligning the different

masks, which is critical to achieving the desired structural precision in MEMS devices.

This thesis proposes a novel self-aligned, dicing-free [7] and low-cost fabrication process to micromachine
asymmetric electrodes. This novel fabrication process combines typical SOl-based bulk micromachining
and grayscale (GS) lithography to create a single mask with multilevel topography, followed by a sequence
of etching and mask thinning steps, creating vertically asymmetric structures enabling a small and self-

aligned electrode gap.

This multilevel process, the techniques available at INL and the device’s target application, imply various
restrictions to the developments of desired device, raging from the MEMS structure and its minimal
features and combination of DOEs and MEMS, to the selection of reflective materials suitable for mirror
coatings, among others. The following chapters will detail into the analysis of the MEMS mirror, based on
asymmetric electrodes, as an individual, as well as the Dammann DOE. Additionally, the subsequent
sections will elucidate the integration and micromachining processes of the target device, considering the

processing capabilities and materials available at INL.

Chapter Process equipment & experimental techniques 57



MEMS SCANNERS WITH DIFFRACTIVE OPTICAL ELEMENTS FOR LIDAR APPLICATIONS

3. MEMS Mirror

As previously detailed, this thesis aimed to develop an optical MEMS device to split and steer a laser
beam, a device where the capabilities of a typical MEMS mirror and a diffractive element are merged for
LiDAR applications. Even though the final device will be an integration of these two components, these
need to be deeply studied initial as an individual and then set the restrictions that each implies to the
other when combine. The MEMS mirror by itself presents several challenges. The process of modelling
and designing a device or system is a complex and heuristic topic that depends on several inputs. In a
designer’'s perspective, modelling a structure is a process that relies on the continuous analysis and
verification of the device behaviour. These inputs can be highly simplified and classified into four
categories: application, denoting the objective and the environment where the device will be implemented
as well as the constraints/impositions that they imply: behaviour, concerns the physical theoretical
foundations; the geometry, has its core in the MEMS design features; and finally, the fabrication process,

which implies critical constraints to the device (Figure 3-1).

Given the process limitations, the MEMS mirror developed in this thesis employs asymmetric electrostatic
actuation to induce a torque in the reflective movable structure to steer a laser beam. The angular
deflection of the mirror is intrinsically dependent on the geometry and mechanical properties of the
anchored springs, as well as the damping conditions, which must be designed to ensure the optimal

performance.
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Figure 3-1 — Designer inputs in the modelling process [139].

This thesis aims to develop a two-dimensional MEMS mirror based on a gimbal architecture, featuring
the inner axis responsible for achieving a 54° field of view and the outer axis for a 2.6° range, at
resonance and quasi-static, respectively. Acknowledging the challenging demands associated with the
inner axis, a simplified one-dimensional MEMS mirror was first designed. This 1D mirror presents the
structure of the inner axis, facilitating a comprehensive performance analysis devoid of influence from the

outer structure.

This chapter of the thesis provides the analysis of the theoretical principles behind the mirror's
performance. For which, it is essential to analyse it through two distinct steps, the numerical analysis and
FEM modelling, and the evaluation of the same. In this chapter, the different models that describe the
mirror performance will be presented. Initially, the parameters, that are essential to the numerical
evaluation (dynamic performance evaluation), and that can be computed analytically, will be studied
considering the restrictions imposed. The dynamic performance of the device was evaluated using a block
diagram model on the Simulink™ tool considering an established set of initial parameters. This analysis
provides a better understanding of the system, especially the insights into the effects of changing either

device dimensions or material properties.

With the results of the analytic analysis and the numerical model, a finite element method (FEM)
simulation model of the MEMS mirror is also detailed in this chapter, where the electrostatic, elastic and
damping torques acting in the MEMS device are analysed. And the design considerations of both the 1D

and 2D devices are detailed.
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3.1 Theoretical Foundations

The MEMS mirror to be developed in this thesis has a one degree-of-freedom (DOF) electrostatic
out-of-plane micro-actuator as the base of operation. The parallel-plate electrostatic electrode is
schematically represented in Figure 3-2. This actuator consists in a complex mechanical system
constituted by an asymmetric parallel-plate capacitor, composed of a movable and a fixed plate. The
movable plate, attached to the mirror surface, is suspended by a spring, allowing an out-plane torsional
movement. As indicated by its nomenclature, this electrode is characterized by two conductive plates
oriented in parallel. Although frequently employed in in-plane actuators, this can also be used to induce

out-plane motions, as depicted in Figure 3-2.

L L LS LSS Top View Perspective View

Anchored

7

In-plane Motion
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;
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Actuation

Anchored In-plane Motion

Torsional out-plane Motion

0

/ _ -
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Actuation Anchored

e

Figure 3-2 — 1-DOF micro actuator: in-plane motion, gap (a), or overlapped area changing (b) and out-plane motion (c).

In the in-plane actuator, an electrostatic force is generated when a voltage is applied, attracting the plates
towards each other and reducing the inter-plate gap or pushing the movable plate, reducing the overalled
area. While for out-plane configurations, an inherent disequilibrium is required, typically achieved by an
asymmetry between both electrodes. Here, when a voltage is applied, the out-of-plane electrostatic force

seeks to align the electrodes with each other. These systems are governed by a combination of
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mechanical and electrical forces. However, in the case of asymmetric actuators which exhibit torsional
out-of-plane motion, these forces manifest as torques, and the total force applied depends on the distance
to the rotation axis (N.m). So, the electrical force is the electrostatic torque (T,;ec), and the mechanical

ones are the elastic torque (T,;qstic), inertia (T;), and damping (T3).
T; + Tp + Terastic = Tetect (3-1)

Since the electrostatic actuator is equivalent to a capacitor, the corresponding capacitance between two

parallel-plates is defined by:

Co = €7 = &br (3-2)

where € is the dielectric constant of the material between the plates (usually air), computed by the
multiplication of the electrostatic permittivity of vacuum, &y, and the relative permittivity of the insulator
used, &, (€ = &y * &), 4 is the overlapping area of the plates, and d is the distance between the plates.
Once the system is actuated by the electrostatic torque, the movable plate shows a deflection angle (8)

that changes the capacitance value according to equation (3.3), where N is the number of electrodes.

N € A(6)

Cg=

, for small angles (3-3)

The electrostatic torque produced between them can be expressed as (3-4) when a voltage V is applied

across the plates of the capacitor.

10c(0) , 1 _Ne dA(6)
= = = - [ 34
Telect(g) 2 90 |4 ZV d 00 ( )

Structurally, the spring and the damper create a reaction torque on the movable structure opposite to the
direction of the mirror movement. The elastic force appears because the movable plate is anchored to a
spring with a torsional stiffness k. This torque increases linearly as the angle between the plates

increases, 8 [140].
Teiastic = ko0 (t) (3-5)
The inertia (T;) arises due to the mirror torsional moment of inertia J.

226/(t)

3¢ (3-6)

T, =] *

When dealing with a movable part structure, the flow of the fluid around it creates a damping force [141],

[142], [143]. However, when the gap dimension between the parallel plates lies in the micrometres scale
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and is extremely small when compared to the length and thickness of the plates and the large mirror
surface, the damping force generated is dominated by the slide and drag damping coefficient, B [141],

[144].

T, B 96 (3-7)
= )k — -
b at
So, the equation (3-1) can be rewritten as:
0%6(t) a6(t)
ot2 +B ot + kgO(t) = Terece(6,V) (3-8)

When there is no electrostatic force, that is, when no voltage is applied, the previous equation can be
simplified to [145], [146]:
0%6(t) a0(t)

5z T B Fras keO(t) =0 (39)

Mechanically, the system can be represented as a second-order system [143], [147] (if the damping

coefficient is considered linear). The respective Laplace transform function is the equation (3-10).

x(s) 1
a(s) s +%Os + wo? (3-10)
where w, is the natural resonance frequency of the system, defined as wy, =  kg/J

(fo = 1/ 2m * \/kg/]), and Q is the quality factor, defined as Q = /kg * J/B. The equation (3-9)

can be rewritten as:

9%0(t) wo06(t) .
o T o Tete®m=0 (3-11)

The parameters Q and w, dictate the dynamic behaviour of the system. From a designer’s perspective,
defining the device parameters according to its application is critical to achieve the desired time and
frequency-response. The dynamic response of a second-order mechanical system can be divided into
three categories: underdamped when Q > 0.5, critically damped when Q = 0.5, and overdamped when
Q < 0.5. Considering that the MEMS mirror can be operated both statically or dynamically, the system
can be analysed in a different way. When operated in quasi-static mode, the inertia and damping can be
neglected, and consequently, a static analysis can be used to find the balance between electrostatic and
elastic torque that acts in opposite directions. When operated in resonant mode, the MEMS mirror can
take advantage of the mechanical quality factor, @, to increase the amplitude of the out-of-plane

deflection, A (A = T/k = Q), with a low atmospheric pressure to reduce the air damping, Figure 3-3.
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Figure 3-3 — Step response of different quality factor 2~ order mechanical systems.

3.1.1 Field of view static analysis

For the static analysis, the sum of the existing forces in the system can be rewritten as [146], [147]:

19C(0)
Tiotar = Tetastic T Tetect = ETV — ko6 (3-12)

At a particular applied voltage, the magnitude of the electrostatic torque equals the mechanical one. At
this point, the electrostatic and the mechanical restoring torque balance each other. The equilibrium

points existing in this particular state can be found by solving the equation system:

|Telastic| = ITelectl
leelasticl _ leelectl (3'13)
de ol?}

where the derivative of Tyjecr and Topastic are, as function of 6:

dTelect _ 1V2 d <6C(9) >’ dTelaStic — ke (3-14)

de 2 do \ ae ae

Asymmetric vertical electrostatic structures

In the MEMS mirror, the fixed parallel plates find themselves interlaced with the movable plates, forming
two structures like a comb. This organisation of the capacitors simplifies the fabrication process since it
is possible to achieve higher capacitance areas in a smaller device total area (die area) [143]. In the inner
axis, different heights in the fixed and movable combs present the inherent geometry imbalance in the
actuators' rest position (8 = 0), compared to symmetric geometries, which are perfectly aligned in this

position as presented in the schematics of Figure 3-4.
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Figure 3-4 — Symmetric (a) and asymmetric (b) electrodes schematic of different overlapping areas for different mirror
deflection angles, 6.

The electrostatic torque, as presented in equations (3-3) and (3-4), depends on several geometrical and
actuation parameters, such as applied voltage, electrodes gap, and the number, and the overlapped area,
which, on the other hand, depends on the mirror angle and the electrodes height and overlapped length,
and the distance of the electrodes to the torsional/rotation axis. In the asymmetric geometry, the torque
at rest position is given only by stray fields resulting from the geometrical imbalance, as depicted in Figure
3-5. When actuated in the quasi-static mode, the mirror will present a slight angle corresponding to the
position where the different electrodes are aligned, and the electrostatic torque is equal to the spring
torque. When actuated in the resonant mode, this imbalance reflects as the initial torque that produces

an initial oscillational mirror motion.
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Figure 3-5 — Cross-sectional schematic of the fringe field in asymmetric electrodes, in the rest position and in equilibrium.
To achieve the high torque required to statically tilt the mirror in the outer axis, the fixed and movable
electrodes were created in different silicon layers, known as staggered vertical electrodes (SVC) [130],
[131], as displayed in Figure 3-6. At its rest position, the overlapped area is zero, and when a voltage

across each other is applied, the movable plate will start to move, increasing the overlapped area.
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Figure 3-6 — Outer axis electrodes topology schematic — staggered vertical electrodes.

Torsional elastic springs

The stiffness of the springs, k, is defined to have a natural resonance frequency f;, given by equation
(3-15). This value corresponds to the total elastic coefficient of the mirror [148]. The maximum mirror

deflection angle achievable resulting from the torsional springs can be computed by the equation (3-16).

kg = (2mfp)* * ], (3-15)
_ Tl (3-16)
6 = ] [rad],

where T is the applied torque, [ is the spring length, G is the silicon shear modulus, and J is the torsional
constant, which depends on the spring geometry[145]; i.e., thickness, hg, and width, wy, as illustrated

in Figure 3-7. It can be derived by using the equation (3-17) [140].

L(1 021w we
J = hg * wg 3~ I 1_12h§* yhe > wy (3-17)
N\ Torsional Axis
hy !
Z’Ws

Anchored

Figure 3-7 — Torsional spring beam referential and variables.

The spring torsional rigidity is the product between the shear modulus and the torsional constant [145]:

T.l, 5
G.] = 7 [N m*/rad] (3-18)

And the torsional stiffness coefficient, kg, is the rigidity divided by the spring total length, equation (3-19)
and (3-20), considering that the width of the spring is smaller than the spring thickness [145].
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ko = T =7 [N m/rad] (3-19)
S
1 021w we
6« how? (3 - S (1 - 35 )
* sWs (3 16h, 12h% ) (3-20)
ke = I vhs > wg
S

3.1.2 Analysis of the MEMS mirror dynamic behaviour

The MEMS mirror dynamic analysis, unlike the static one, considers all the forces acting on the system.
In particular, the inertial and damping effects can significantly change the actuator's performance. This
analysis illustrates the actual behaviour of the device during operation since the damping force is
neglected in the static analysis but plays an essential role in the mirror operation. The focus of this section

is to address the mirror’s resonant mode dynamic characteristics.

Drag damping arises due to the motion of the mirror through the surrounding fluid, which can be air or
another gas. As the mirror moves, it displaces the fluid around it, and this displacement leads to the
generation of drag forces opposing the mirror's motion. The magnitude of these drag forces depends on
several factors, including the mirror's geometry, the fluid's viscosity, and the relative velocity between the

mirror and the fluid.

To mathematically describe the drag damping phenomenon, it is possible to use the concept of the
damping coefficient, B, which relates the damping force to the angular velocity of the mirror, 38 /0t,
expressed in (3-7) [141]. The rotational damping coefficient, B, encapsulates the complex interactions

between the mirror's geometry and the fluid, as well as the fluid's properties.

In [141], an extensive analysis of fluid flow interactions with high-frequency scanning micro-mirrors driven
by angular vertical comb (AVC) actuators is presented to evaluate the effect of air damping on the
maximum scan angle amplitude of micro-mirrors. In air damping theory, the pressure p and the velocity
field u, of the fluid flow past an oscillating micro-mirror can be described by the Navier-Stokes model
and continuity equations for unsteady, incompressible flow, where p is the fluid density and  is the fluid
viscosity:

al—i — — 2=
Pl5f +p(U-V)u=-Vp+uv-u (3-21)

V-u=0 (3-22)
Resonating MEMS structures are typically separated from the fixed substrate by a thin air gap and are

driven to relatively small oscillation amplitudes. Gas damping is predominantly viscous, allowing for the
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inertial terms on the left-hand side of (3-21) to be neglected. The ratio of inertial to viscous forces is
defined by the Reynolds number, Re. Therefore, in the limit Re « 1, the thin gas films form either a
Couette or squeeze-film viscous damper. Energy dissipation due to air damping in resonant micro-mirrors

is derived from two main sources described below.
Vertical electrostatic combs structure

In the vertical electrostatic actuators, the viscous resistance due to the relative out-of-plane motion of
adjacent fingers separated by a small air gap of width, d, can be estimated by the Couette flow model,
and the maximum Reynolds number, Re. of the flow in the electrodes is given by (3-23), and for

Re. < 1, the damping moment, M, of N number of comb fingers is given by (3-24):

2npf.0 l,+1
Rec — pf.;‘ max( (0] C)g (3_23)
U
Ma = - 3d

[(lo + Ic)® — 1] (3-24)

where [, is the distance between the electrodes and the rotation axis, [ the electrode length, t,,, the
electrode thickness, f; the mirror operating frequency, 8 = 6(t) and 0(t) = Opq,Sin(2mfst) [149].
For small values of d, the assumption of zero flow velocity at the rotating comb structure boundary may

not be valid. To account for slip flow in the damping moment, a modification to the gas viscosity, fesy is

applied, which is a function of the Knudsen number, Kn [141].
Rarefaction and compressibility effects

At an absolute limit, the typical intermolecular distances are comparable to the device dimensions, and
the use of continuous fluid equations cannot describe the correct flow behaviour. For gases, the Knudsen

number Kn computed from:
Kn = (3 25)
d’

relates the gas-specific mean free path, 4, and the gas thickness d. When dealing with structures where
the gas thickness changes over time, the Q- describes the relative flow rate for transitional flow regime

(0.1<Kn<10), as:

Qpr = 14 9.658Kn™15? (3-26)
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The use of the relative flow rate coefficient is a reliable method to incorporate the boundary effects of the
rarefied gas [141], [142]. Since Q- is computed in function to the Knudsen number, it depends on the
film thickness and the static pressure value, P,, because the mean free path is specified by
A = Py/P, * Ay, where the 4, is the mean free path at a pressure P,. In gas film theory, the slip-flow
condition is usually included in the viscosity coefficient. The resulting coefficient is an effective viscosity,
given by:

_E U
Herf = Qpr 1+ 9.658Kn1 159 (3-27)

where p is the viscosity of the gas. As a result, the damping moment of the electrodes can be computed

by equation (3-28).

Mejecr = 3q—Ldo+ lc)? — 3] (3-28)

Reflective plate of the MEMS mirror

As detailed in [141], the damping arising from the rotational oscillations of the micro-mirror plate confined
within the cavity has been approximated utilizing the squeeze-film damping model. This model's validity
is contingent on satisfying the condition h/R <« 1, where h represents the depth of the cavity and R
the mirror ray. The damping moment of a circular micro-mirror at @ = 0° has been deduced from the

nonlinear Reynolds equation [150]:

.uT[ZfSR60max

Md(9 = Oo) = 4-h3

(3-29)

Under conditions of sufficiently low values of fg and 8,4, the surrounding air enveloping the mirror plate
is governed by steady Stokes flow. In this scenario, the damping torque for an unbounded thin disk

rotating at a fixed angular velocity can be expressed as [151]:

_ 32uR®6

g . (3-30)

However, by preserving the temporal acceleration term in (3-21), the aerodynamic resistance of a circular

disk undergoing small amplitude oscillations can be derived from the unsteady Stokes equation [152]:

p (Z—ID = —Vp + uv?u (3-31)
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By reducing the previous equation to dual integral equations, the high-frequency dependence of the

damping moment of an oscillating disc in out-of-plane rotation is given by [153]:

_ 32uR36

4= 3 (0.431 c0s(0.27m)) (3-32)

where, 12 = anstz/u represents a dimensionless frequency parameter and characterizes the
timescale for vorticity diffusion (the time it takes for the swirling or rotating motion of the fluid to spread
out) into the surrounding fluid relative to the oscillation timescale (the time it takes for the MEMS mirror
to complete one cycle of its back-and-forth movement) [141]. Additionally, the aerodynamic resistance of
the oscillating disc consists of an added-mass term, which is 7t /2 out-of-phase with the angular velocity

and does not contribute to energy dissipation.

While Stokes drag varies linearly with velocity, in the laminar flow regime, M, is expected to be a
quadratic function of the angular velocity. The overall aerodynamic moment, My,;4:, about the rotational
axis can be deduced from Morison’s equation intended for the hydrodynamic analysis of offshore floating
structures. The damping and inertial components of My,;4;, are a function of the average damping
coefficient, C4, assumed as 2.42 for a Reynolds number of a plate oscillating in an out-of-plane rotation,

Rey, = 27pf;0maxR? /1, higher than 350 as demonstrated in [141].

4 N
Mpiare = My = —1—56dpR59|9| (3-33)

The overall mirror damping coefficient is the sum of the damping from the plate and the vertical

electrostatic electrodes, given by [141]:

Mpiate | Meiect
Ty = Bpiate + Betect = éa “+ 6986 (3-34)

3.2 Device analytical evaluation

Selecting the optimal features for a MEMS device is a heuristic process, requiring consideration of multiple
factors. All the parameters, except the non-linear damping coefficient, can be easily determined through
analytical calculation, considering the established objectives and the existing restrictions. Initial
parameters were defined considering the thickness of the wafer, the necessary reflective area to
accommodate the incident beam, the operating frequency, and the limits of the fabrication process,

among others.
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1. At INL, the bulk micromachining MEMS process uses SOl wafers. The selected SOI wafer is
composed by a stack of three layers: a thick handle silicon layer, a thin buried oxide layer, and a
silicon active layer. A 50 um-thickness SOI wafer was defined in order to increase the asymmetric
parallel-plate electrode's overlapped area and the robustness of the device while minimizing
changes to the INL standard process;

2. It was established that the reflective area of the device was within 1.1 mm x 1.1 mm in order to
accommodate the full incident beam diameter (defined to 1 mm). Moreover, the application-
driven requirements also define critical parameters, such as scanning frequency, defined as
10 Hz (i.e., the vertical operating frequency). The spatial resolution of the scanning is determined
by the ratio between the resonant scanning frequency and the non-resonant scanning frequency.
Given the scanning resolution of 0.15° and the frame rate, a horizontal axis minimum scanning
frequency of 87 Hz is implied,;

3. The fabrication process from the in-house INL process limits the minimum gap size. The initial

parallel-plates gap was defined as 3 um.

With these initial parameters established, it was possible to evaluate a wide range of additional parameters
that impact the performance of the mirror. This includes the spring parameters, electrostatic actuator
parameters, such as the number of electrodes, the gap between electrodes, their length, and overlapped
area, as well as other factors such as the damping coefficient and the quality factor. The resulting

parameters are detailed in Table 3-1 and Table 3-2.

Table 3-1 - Initial parameters application-driven.

Parameter Value Unit
Reflective area 1.1x1.1 mmg
) Without DOE >434
Horizontal Natural resonance frequency, f, - Hz
With DOE >87

Horizontal FoV 54 °
Vertical scan frequency, fy 10 Hz
Vertical FoV 2.6 °

Table 3-2 - Initial parameters microfabrication limits-driven

Parameter Value Unit
Parallel-plates gap (d0) 3 pm
Active layer thickness 50 pum
Buried Oxide layer thickness 2 pum
Handle layer thickness 625 + 50 pum

To better understand the MEMS mirror's mechanical behaviour when operated in the quasi-static mode,

an analytical model was developed and implemented in MATLAB. This model allows for a more
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comprehensive evaluation of the mirror's performance and ensures that the device is optimized to meet
the established objectives. By using analytical models, it is possible to evaluate, in a fast way, the influence

of different parameters in the mirror operation.

In order to optimize the performance of the most challenging axis, a 1D scanning system presenting the
inner axis structure was investigated. Here, to take advantage of resonant mechanical amplification and
ensure minimal energy consumption, a half-gimbal movement concept was selected. This approach
allows for the first resonant mode to be in the desired direction, specifically torsional, which effectively
achieves the required field of view with maximum efficiency. By using this resonant mode, the 1D
scanning system is able to achieve an optimal balance between deflection angle and frequency, as it

requires less energy to reach the desired FoV.

The 2D MEMS mirror presents a gimbal architecture, Figure 3-8.b, which is a mechanical system
consisting of two or more rotating rings mounted on a common axis. The outer ring is typically anchored
to a stationary frame, while the inner one is free to rotate about their own axes perpendicular to each
other and the common axis. The gimbal architecture is a versatile and widely used mechanism that allows
for stable pointing and orientation control in a variety of applications. The inner axis consists of the 1D
MEMS mirror suspended by two other torsional springs positioned in the outer orthogonal axis, and the

outer axis moves the inner structures across this axis.

(a) (b)

Figure 3-8 — 1D and 2D MEMS mirror gimbal schematic.
The inner axis is targeted to a resonant operation mode since it takes advantage of the device's high-
quality factor and enables the device to reach a large FoV on the fast axis. This design follows the equation

of forces given by (3-35).

]9;A + BQ}A + k014 = Tgiectrostatic 14 (3-35)
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A simplified approach was adopted for the gimbal movement concept to facilitate a more comprehensible
and straightforward movement equation. It was determined that when the outer axis actuators are
subjected to a constant DC voltage, resulting in a fixed electrostatic torque, the position of this axis for
any applied voltage can be described by equation (3-36). This simplification does not consider the

travelling between positions and the time to settle at that position, but allows for a simple analytical model.

k604 = Triectrostatic 0a (3-36)

3.2.1 Electrostatic and elastic torque

In the proposed MEMS architecture, the pivotal role of electrostatic torque in achieving the targeted
scanning FoV is highlighted. Diverse designs of electrostatic combs exist, primarily categorized as
symmetric and asymmetric. Given the complexity of the fringe field effects inherent in asymmetric
geometries, a simplified analytical model to attain the electrostatic torque in symmetric geometries was
implemented since the expected peak electrostatic torque of symmetric electrodes is similar to the one
achieved with asymmetric ones. This model computes the torque for mirror angles within the range of
+5°. This angular interval was established since it is the range in which the electrostatic actuators are

overlapped.

Different geometry configurations and actuation conditions were assessed using analytical simulations.
In Figure 3-9, the voltage applied across to the electrodes is increased from 25 V to 200 V (considering
the maximum experimentally feasible voltage for the MEMS device) for a geometry with a gap of 3 um
and an electrode-to-rotation-axis distance of 500 pum. This variation demonstrates the expected quadratic

increase in electrostatic torque with voltage.
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Figure 3-9 - Electrostatic torque dependence on the applied voltage in symmetric electrodes geometry with d,.,; with
500 pum, and d with 4 pm.

In Figure 3-10, different gap sizes are compared at an applied voltage of 50V and an

electrode-to-rotation-axis distance of 500 um. The results confirm the proportional decrease in
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electrostatic torque with increasing gap size. In Figure 3-11, the maximum electrostatic torque is

presented, considering different gap sizes and actuation voltages.
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Figure 3-10 — Symmetric electrostatic torque dependence on the electrodes gap, with d,.,; with 500 um, and V with 50 V.
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Figure 3-11 — Maximum torque evolutions for different applied voltages and electrode gap values combos.

Beyond these two variables, the distance to the rotation axis emerges as a critical parameter in these
actuators. Figure 3-12 depicts the torque resulting from four distinct geometries, with distances from
250 um to 1000 pum. This variable not only influences the maximum electrostatic torque but also

delineates the angular range over which the electrodes can exert torque.
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Figure 3-12 — Symmetric electrostatic torque dependence on d,.,;, with the electrodes gap of 3 um, and V with 100 V.
Larger distances from the rotation axis correlate with higher electrostatic torques but yield a narrower
angular range. Therefore, the location of electrodes within the MEMS structure requires carefull

consideration. This is essential whether the goal is to maximize the deflection angle in static operation or
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to fine-tune the actuation torque for resonant operation. In the context of resonant operation, it is
particularly important to supply energy to the system precisely when the structure is at its rest position.
This strategy aims to avoid the generation of attraction forces in the opposite direction, which could

potentially halt the resonant motion.

It is crucial to note that, in the case of symmetric electrode geometries, electrostatic torque is null at the
rest position. Voltages applied to the mirror in this state will not induce mechanical deflection; i.e. the
mirror will remain in its rest position. In this situation, the asymmetric geometry offers a significant
advantage, as it permits the application of non-zero initial torque when the mirror is at rest, as illustrated
in Figure 3-13. Nevertheless, it is essential to acknowledge that this analytical model simplifies the
description of asymmetric electrostatic behaviour and does not faithfully represent the final angular torque

profile due to the omission of fringe field effects.
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Figure 3-13 — Asymmetric electrostatic torque angular expected profile.
The torsional elastic torque presents a linear behaviour, resulting in higher torque for larger mirror angles.
This characteristic significantly influences the maximum mirror amplitude during both quasi-static and
resonant modes of operation. An increase in spring stiffness leads to elevated elastic torque, whereas an

increase in spring length results in reduced torque, as depicted in Figure 3-14 and Figure 3-15.
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Figure 3-14 — Torsional elastic torque dependance on the spring’s width.
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Figure 3-15 — Torsional elastic torque dependance on the spring’s length.

3.2.2 Damping coefficient and quality factor

For the proposed device’s inner axis, which is designed for resonant operation, achieving high Q-values
(quality factors) is essential. The quality factor can be deduced by [2], [147]:

v kia*Jia

(337)
BIA

Qa =

where k;4 is the inner axis elastic coefficient, J;4 the torsional moment of inertia of the reflective mirror
component, and B, 4 is the damping coefficient when the mirror is operated at high frequencies. The
quality factor is influenced by various structural parameters, including spring geometry, the mirror's
reflective surface area, and the number and placement of actuation electrodes, in addition to the damping

coefficient.

Considering the dynamic behaviour of the damping coefficient, a simplified analytical model was
employed to compute the Q-factor of the mirror for a known geometry and pressure conditions. Figure
3-16 and Figure 3-17 illustrate the impact of mirror size and pressure conditions on the quality factor. In
the first scenario, mirror sizes ranging from 1 to 10 mm were simulated under three different pressure

conditions. The second scenario analyses mirror sizes from 1 to 4 mm across a pressure range from

0.01to 1 atm.
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Figure 3-16 — Quality factor versus mirror side dimensions, from 1 to 10 mm.
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Figure 3-17 - Quality factor versus pressure conditions, from 0.001 to 1 atm.

Initial observations indicate that at atmospheric pressure, the Q-factor marginally increases up to a mirror
size of 6 mm. When the mirror is at a pressure one decade lower, the Q-factor continues to increase up
to 4 mm, and at a pressure two decades lower, the Q-factor decreases with increasing mirror size.

Additionally, reducing the pressure enhances the quality factor for a given mirror size.

When using the analytical model, by comparing mirrors sizes of 1 mm and 4 mm with the same spring
constant, it can be observed that for the smaller mirror, reducing the pressure drastically increases the
Q-factor from 35 to 604 (a 17.2 times increase), whereas for the larger mirror (4 mm), the increase is
from 133 to 333 (2.50 times). Although a smaller Q-value increase is noted for larger mirrors under
reduced pressure, they can start with an initial Q-factor approximately four times higher than smaller
mirrors, which translates into changes in the natural resonance frequency and the moment of inertia of
the MEMS mirror, as shown in Figure 3-18. The smaller mirror (1 mm) exhibits a natural frequency close

to 1.5 kHz, while the larger one has a frequency of 270 Hz.

Moment of inertia [mm4]
Frequency [kHz]

1 2 3 4 5 6 7 8 9 10

Mirror side dimension [mm]
Figure 3-18 - Effect of the mirror side dimensions increase on the moment of inertia and natural frequency of the device.

Thus, while increasing the mirror size can lead to a higher moment of inertia for the same spring constant
and higher quality factors, it also results in a significant decrease in the natural frequency. This decrease
can potentially fail to meet the system requirements, highlighting the need for careful consideration of

mirror area in relation to the desired operational parameters.
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3.3 Device dynamic performance evaluation

In this section, the non-linear dynamic performance of the MEMS mirror will be simulated considering the
analytical results and restrictions. These experimental simulations aim to achieve the design that presents

the best theoretical behaviour for the MEMS actuator.

3.3.1 MEMS mirror dynamic model

When dealing with a dynamic MEMS mirror behaviour, the equation of motion can be rewritten assuming
the notation 8 = £(6,V) [2]:
0=w

1 }
w = 7 * (Telect — Bw —kB) (3-38)

where 0 is the mirror angular deflection, @ and w are the angular velocity, and @ is the angular
acceleration. Since it is very complex to solve this equation analytically, it can be represented by the block
diagram model of Figure 3-19 via the Simulink™ tool. The Simulink model-based design is used to analyse
multi-domain dynamic systems. The model of Figure 3-19 has as the actuation voltage input an initial
angular perturbation, the reflective plate, and the asymmetric electrodes parameters, such as distance
to the rotation axis, overlapping area, number of electrodes, and gap between the electrodes. As for the
outputs, the subsystem returns the angular velocity of the movable mirror and its angular displacement,

0.

The damping coefficient model is a MATLAB function invoked by the block diagram, as well as the
Electrostatic Torque. The damping function is the analytical calculation that computes the squeeze film
and drag-damping effect generated by the electrodes and mirror plate when the movable plate has a
certain velocity. The electrostatic torque function computes the actuation force generated on the mirror.
These analytical functions are recalculated continuously during the Simulink simulation process since
both the damping torque as well as the electrostatic torque vary with the motion of the device, i.e., they

depend on the mirror angle, as studied in the previous analytic evaluations.

With this analytical model, it was possible to analyse the natural oscillatory behaviour for an initial
perturbation and the time required to return to the rest position. Moreover, it was possible to compute
the dynamic performance when an actuation voltage is applied in the electrodes for ambient pressure or

vacuum conditions and the corresponding maximum deflection angle.
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Figure 3-19 — Symulink MEMS mirror model.

3.3.2 Perturbation response

.
Theta (degrees)

Theta

Figure 3-20 presents the natural response of the mirror for an initial angular perturbation during 1 ms,

with 0.5 uN.m and 1.0 uN.m. Here, the voltage applied to the movable structure was set to 0 V to analyse

the response when no external forces were applied. Two different values of perturbations were simulated,

and as expected, with larger initial perturbations, the mirror deflection peak increased. Besides, it is

possible to see that the mirror, independently of the perturbation, started moving with the same

frequency, which corresponds to the structure's natural resonant frequency, f,.

MEMS mirror natural response to a initial perturbation
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Figure 3-20 — Dynamic theoretical behaviour for an initial perturbation.
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3.3.3 Resonant mode Field of View (FoV)

To calculate the maximum deflection angle of the MEMS mirror dynamically, the dynamic model of the
MEMS mirror was modified to include a non-zero actuation voltage signal. This voltage generates an
electrostatic torque on the movable structure each time it returns to its rest position, thereby simulating
future experimental conditions, i.e., the square-wave actuation voltage. Following the same analysis
performed in 3.2.1, different geometric configurations and actuation conditions were subjected to
dynamic simulations. Figure 3-21 presents the mirror resonant response for different actuation voltages,
respectively 30 Vand 150 V, for the same geometry parameters. As can be seen, the maximum deflection

angle of the mirror increases with the applied voltage, as expected.

MEMS mirror inner axis resonant deflection
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Figure 3-21 — Dynamic theoretical behaviour for different actuation voltages.

The first plot of Figure 3-22 presents the maximum deflection angle absolute value from a range of 10 V
to 200 V applied to the device for different electrodes gaps at 500 um from the torsional axis. The second
one depicts the same relation however, here, the differing parameter is the distance to the torsional axis,
computed for a range from 250 um to 1000 pum, for an electrode gap of 3 um. And the last one for a
geometry with an electrodes gap of 3 um at a distance of 500 um for different damping conditions. As
can be depicted from the different plots, the electrodes gap does not significantly influence the
maximum angle when operated at resonant mode. Given that the inner axis is desired to be
operated at resonance, this proves that the inner axis’ asymmetric electrodes gap has some tolerance
(regarding variations in the micromachining process, such as over-etch) while ensuring a minimal impact
in the FoV range. Moreover, it is possible to conclude that for resonant mode, enlarging the distance of
the electrodes from the torsional axis results in larger mechanical deflection angles and, consequently,
larger FoV. And as expected, the decrease of the damping coefficient results in a substantial increase in
the deflection angle, for example, a decrease of 50% of the damping coefficient regarding the one in

atmospheric pressure conditions, b, resulting in an increase of 37% of the angular deflection.
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Figure 3-22 — Maximum mirror deflection evolution for different applied voltages when different electrode gaps (top),
distances to the torsional axis (middle) and damping conditions (bottom) are implemented.

3.4 Device FEM Evaluation

To evaluate the MEMS mirror behaviour and validate the analytical results, various FEM (Finite Element
Method) simulations of the device model were carried out using the COMSOL 5.6 tool. A FEM model and
its simulation aim to represent complex physical phenomena through theoretical mathematical models,
describing them by equations and solving them to get real phenomena approximations. These simulations
were essential to analyse if the designed structure achieved the expected results as well as to understand
the limitations of the design and the materials: stress and deformations, among others. So, the modelling

and simulation process involves:

e The creation of a representation (model) of the system;
e The definition of the model constraints and simulation;

e The analyses of the behaviour of the system.

The FEM simulation can be computationally heavy due to mesh sizes and the physics considered, and

take a long time to reach the solution, which can turn out to be detrimental regarding time optimisation.
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Thus, to overcome this problem, the FEM models used in the various simulations are simplified models

of the real device (reduced complexity of the structure compared to the actual structure).

3.4.1 The Resonance Frequency — Modal Simulation

The resonance frequency indicates the frequency at which a structure will naturally oscillate. During a
modal FEM simulation, the main objective is to determine the natural modes and corresponding
frequencies, as well as the associated modal shapes. This information helps to understand how the mirror
structure will respond to external forces or excitations. To simplify the simulations, simplified models of
the inner and outer axes were created, as shown in Figure 3-23 (a) and (b). The outer model includes the
inner structure, allowing the analysis of the final gimbal architecture. Additionally, parametric variables

such as spring width and electrode gaps were implemented to optimize the MEMS mirror performance.

The modal analysis was conducted to compare FEM results with analytical ones and to identify any
undesirable resonance modes. These modes should be minimized and designed to appear at frequencies
that are not used for device actuation to avoid being driven during operation, which could distort the laser

beam.

(a) (b)

Figure 3-23 — Simplified 3D model for the modal FEM analysis of the (a) inner axis, and (b) outer axis.

In Figure 3-24, the results of the resonance FEM simulations of the inner axis structure are presented.
The first fundamental mode, depicted in Figure 3-24.a, is the target operation, i.e., the desirable
resonance motion where the reflective surface moves around the torsional springs’ axis. The following
ones, Figure 3-24.b-f, are the other resonance motions, which appear at a higher frequency, far away
from the operating one. Table 3-3 details the frequency values of the first six modes for the inner structure
for different spring widths, as well as the expected analytical torsional resonance frequency previously

computed.

Chapter MEMS Mirror 81



MEMS SCANNERS WITH DIFFRACTIVE OPTICAL ELEMENTS FOR LIDAR APPLICATIONS

Figure 3-24 — MEMS Mirror’s inner axis resonance modes.

Table 3-3 - Inner axis resonance modes for different spring’ widths extracted from the modal FEM analysis.

Springs Width 8 um 9 um 10 um 11 pm 12 pm Units

Analytical 1+ mode 1083.3 1283.5 1492.6 1709.5 1933.6 Hz
1 mode 1055 1244 1444 1650 1870
2% mode 2729 3245 3789 4356 4947

= 3% mode 3871 4505 5173 5871 6598

B 4 mode 12087 12489 12874 13210 13536 Hz
5 mode 20823 21600 22330 22984 23607
6" mode 49132 49153 49168 49188 49212

Torsional moment 8.70E-14 N.m

The previous FEM analysis was also performed for the two-dimensional mirror, with the simplified model
of Figure 3-23.b, and the six first resonant modes are depicted in Figure 3-25. Here, the first one, at a
lower frequency, is the desired outer torsional motion, as expected, and the second one is the inner

desired torsional motion. The third and fourth modes are in-plane motions related to the outer springs
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since this has a lower elastic coefficient than the inner ones and the last two to the inner axis. Table 3-4
details the frequency values of the first six modes for the gimbal structure considering different spring

widths, as well as the expected analytical torsional resonance frequency previously computed.

=4 x10° um

(a) (b)

(e) (f)

Figure 3-25 — MEMS Mirror's outer axis resonance modes.

Table 3-4 - Gimbal structure resonance modes for different outer axis spring’ width extracted from the modal FEM analysis.

Springs Width 9 um 10 pm 11 um 14 pm 15 pm Units
Analytical 1+ mode 271.8 316.2 362.0 508.3 559.4 Hz
1 mode 262.51 305.21 349.24 489.97 538.09
2% mode 1274.42 1443.62 1443.67 1443.78 144381
= 3% mode 1443.55 1490.95 1718.05 2458.21 2722.86
L 4» mode 1618.37 1879.44 2151.98 3026.78 3330.96 Hz
5+ mode 3785.25 3785.31 3785.35 3785.45 3785.48
6" mode 5310.00 5315.27 5322.19 5359.59 5381.95
Torsional moment 1.96e-12 N.m
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As expected, and according to the analytical models, larger the springs’ width correlates with higher
natural frequencies; however, the angular deflection will present a decrease. The slight difference between
the first mode, calculated analytically and simulated by FEM, can be derived from the stiffness equation
error of up to 4% error as detailed in [140], the mesh defined in the simulation and the torsional moment
of the MEMS structure (simplified in the FEM analysis). Neither of the models presents a high percentage

error, so this can be neglected.

3.4.2 Elasticity coefficient — Static Structural Simulation

A set of static structural simulations was carried to evaluate the torsional elasticity coefficient of the
dimensioned springs. In this model, the conditions implemented specified input torques applied to the
mirror surface and the fixed supports on the anchors of the springs. So, with a known torque, T, and
moment of inertia, J, it was possible to simulate the induced body angle, 8. Thus, through equation
(3-19), it is also possible to obtain the torsional elasticity constant of each spring. This analysis was also
performed with the one-dimensional and the two-dimensional simplified 3D models. Table 3-5 displays

the analytical and FEM torsional elasticity constant of the inner and outer axis springs.

Table 3-5 - FEM analysis of the torsional elasticity of different spring and mirror masses geometries.

Inner axis structure Outer axis structure
FEM Model
Spring A Spring B Spring A Spring B
Spring width 9 um 10 pm 10 pm 15um
kanayticar [RN.m/rad] 5.3363 7.1146 7.7301 24.212
krgy [UN.m/rad] 5.3594 7.2404 7.020 21.890
% Error 0.4329% 1.7682% 9.1862% 9.5903%

From the extracted data, it was possible to conclude that all the springs present an elasticity coefficient
close to the theoretical value. Furthermore, besides the maximum deflection angle for a given torque, it
is possible to simulate in this analysis if the mechanical stress of the structure suffers due to the induced
deformation. When a force is applied to an object, the object will either compress or stretch as a response
to that force. In this case, when a torque is applied, the object will twist around the torsional axis. The
torque applied to a unit is called stress. The deformation of an object typically presents three distinct
stages: the elastic deformation, plastic deformation, and rupture. The elastic deformation is the deflection
that disappears upon removal of the external forces. Plastic deformation is a permanent deformation or

change in the shape of a solid body without fracture under the action of a sustained force (irreversible).
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Typically, the point of non-return of silicon deformation exists when the induced stress is higher than

1 GPa [154]. For this application, it is important to design a mirror working only in the elastic region.

Figure 3-26 and Figure 3-27 present images obtained through structural FEM simulation of the
mechanical deflection and resultant stress intensity of the inner and outer structure. In structural terms,
the points where the stress intensity is higher are the anchor points of the springs, which, in turn, are the

most critical points of the structure.

(a) (b)

Figure 3-26 — Inner axis structural FEM simulation 3D results of the mechanical deflection [um] (a) and resultant stress

[N/m¢] (b).
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Figure 3-27 — Outer axis structural FEM simulation 3D results of the mechanical deflection [um] (a) and resultant stress
[N/m?] (b).

As can be observed, in the maximum target angular deflection for the inner and outer axes, the stress
induced in the torsional springs is within the safe range of elastic deformation, ensuring the robustness

and longevity of the device when continuously operated.

3.4.3 Electrostatic field of asymmetric electrodes — Electrostatic Simulation

An analysis of the distribution of the electric field of the actuation electrodes, as well as the electrostatic
torque generated, was also performed. This analysis aimed to gain a deeper understanding of the impact
of the fringe field capacitances inherent to this type of actuator. The significance of the fringe fields cannot
be overstated, as they are integral to the functioning of these asymmetrical electrostatic actuators and

serve as the driving force behind the initial mirror motion. In theory, if a voltage V is applied across the
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capacitor plates, a charge of +Q and another of —Q are accumulated between the electrodes. The
surface charge density on the plates is +0 where 6 = Q/A. A two-dimensional simplified model was
developed to analyse the electrostatic performance of the actuation electrodes. The model consisted of a
cross-section of three sets of fingers, with four thicker fixed electrodes, 50 um-thick, and three thinner
movable ones, 20 um-thick, separated by a 3 pm-wide gap. The movable electrodes were subject to an
angular displacement. Figure 3-28 illustrates the electrical potential surface, with an actuation voltage of
25V, for three different angular positions of the asymmetric electrodes: (a) at rest, (b) at a midpoint, and
(c) in an equilibrium or balanced state, in which the movable and fixed electrodes are aligned at the

middle.
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Figure 3-28 — Asymmetric electrodes' electrical potential [V] in the rest (a), middle (b) and in the aligned positions (c).

Figure 3-29 and Figure 3-30 depict the resultant electric field (x and y components, respectively) for the
aforementioned angular positions. The x-component of the electric fields is responsible for generating in-

plane forces within the actuators.
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Figure 3-29 — Asymmetric electrodes x-electric field [V/m], in the rest (a), middle (b) and in the aligned positions (c).
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Figure 3-30 — Asymmetric electrodes y-electric field [V/m], in the rest (a), middle (b) and in the aligned positions (c).
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As can be observed, the field is symmetrical in each movable electrode in this component, which is
desirable since in-plane forces must be null. The symmetry is a result of the equal initial gap, dy, which
would not be the case if the device exhibited a slight variation in the left and right gap. On the other hand,
the out-of-plane forces and resulting motion are generated from the y-component field. The surface plots
show that for the rest positions, where the bottom edge of the electrodes is aligned, the electrical fields

are misaligned, and an electrostatic torque is generated, pushing the thinner electrodes upwards.

In addition to the 2D model, a 3D model of the actuation electrodes was also developed so to evaluate to
account for the fact that the overlapped area is dependent on the mirror angle, the distance between the
electrodes and the rotation axis, and the length of the electrodes, as seen in the geometries presented in
Figure 3-31. Furthermore, electrodes with both symmetric and asymmetric geometries were analysed to

assess the difference in electrostatic torque generated by each.

(b)

Figure 3-31 — Asymmetric electrostatic actuators FEM simplified model with a short distance to the rotation axis and (b)

longer.

Different geometry configurations and actuation conditions were implemented, as performed in the
analytical and dynamic analysis, varying the distance to the torsional axis and the electrode gaps. The
torque generated between the two sets of electrodes was computed by geometrically inducing an angle
on the movable one, ranging from -5° to 5°. Figure 3-32.a displays the computed torque, using the
symmetric geometry, for different electrode-to-torsional-axis distances from 100 um to 1000 pum, with an
electrode gap of 4 um and 100 V applied. Following the same behaviour of the analytical results, the
electrostatic torque is null at the rest position, as the electrodes are perfectly aligned. Moreover, larger
distances from the rotation axis correlate with higher electrostatic torques but yield a narrower angular
range. Furthermore, it was also simulated with different electrode gaps with a fixed electrode-to-torsional-
axis distance, as presented in Figure 3-32.b, and again, the results are aligned with the analytical ones,

depicting a slight decrease in the maximum torque generated with the increase of the gap size.
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Figure 3-32 — FEM results of the symmetric electrode geometry for different d,.,; (left) and electrode’s gaps (right) values.

The same FEM simulations were implemented using now an asymmetric geometry. In contrast, the

asymmetric geometry exhibits a non-null torque at the rest position, as expected, demonstrating that

asymmetry is necessary to induce the initial torque. Figure 3-33.a shows the asymmetric model result for

different electrode-to-torsional-axis distances from 100 pm to 1000 um, with an electrodes’ gap of 4 um

and 100 V applied, and Figure 3-33.b for a gap size of 4 um with at a fixed distance. From these results,

it is possible to see that in terms of maximum torque and angular range, the asymmetric geometric

presents the same assumptions: the larger the distance, the larger the torque and narrow the angular

range and the larger the gap size, the lower the maximum torque but with a constant angular range.
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Figure 3-33 — FEM results of the asymmetric electrodes geometry for different d,.,; (left) and electrode’s gaps (right) values.

So, if it is assumed the same electrodes geometry, i.e., same electrode length, gap size,

electrode-to-torsional axis distance, for symmetric and asymmetric geometries, as depicted in Figure 3-34,

the peak torque achieved is approximately the same in both.
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Comparision between symmetric and asymmetric comb-electrodes electrostatic torque
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Figure 3-34 - Comparison between symmetric and asymmetric FEM results and the analytical model.

3.4.4 Out-plane natural deflection — Structural Simulation

Besides the natural frequency response and elastic coefficient, a static structural FEM model was also
developed to assess the inherent deformation of the device, accounting for gravitational acceleration
(9.8 m/s?). This simulation aims to evaluate the structural integrity of the fabricated device following the
micromachining process and during handling procedures. Figure 3-35 illustrates the three-dimensional
plot depicting the results of the structural analysis for the two-dimensional architecture. Notably, the
structure exhibits a maximum deformation of merely 40 nm within the inner axis. This outcome serves

as compelling evidence of the device's robustness.

pum
A 0.04
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0.01

-0.01

-0.02

Figure 3-35 — Three-dimensional FEM results for an external gravitational acceleration in the zz direction (9.8 m/s?).
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Figure 3-37 — Three-dimensional FEM results for an external gravitational acceleration in the xx direction (9.8 m/s?).
3.5 Designed MEMS Structures

In the previous section, the analytical, dynamic and FEM analysis and model of the MEMS dynamics were
described. In this section, the MEMS structures designed will be presented considering the results
obtained in the various evaluations carried out using the models. Two MEMS mirror devices were
designed, one with two torsional axes, i.e. a 2D MEMS mirror, using a gimbal as a movement concept,
and a second for validation of the inner axis dynamic design and micromachining process, with only one

torsional axis. Figure 3-38 presents the 3D model developed using a CAD software.

As previously mentioned, the MEMS structures developed in this thesis were designed to be fabricated in
an SOl Wafer with a thickness of the active layer of 50 pum, the buried oxide layer of 2 um and the handle

layer of 625 um (Table 3-1). The mirror presents a reflective area with 1.1 mm per 1.1 mm in the centre
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of the die, which is suspended by two sets of torsional springs, one for the inner axis (horizontal deflection)

and another for the outer one (vertical deflection).

Figure 3-38 - 3D model of the MEMS mirror designed.

The top and bottom views of the two-dimensional MEMS mirror are represented in Figure 3-39. Here, the
micromachining process imposes certain restrictions on the design of the MEMS mirror masks. The main
limitations are the minimum possible dimension of the structures, the space between the silicon
structures, which in the INL process is 2.2 um in the active layer for symmetric electrodes structures and

30 um in the handle layer, and the multilevel topography for the asymmetric electrodes.

The inner structure presents a set of asymmetric electrodes for actuation and another for sensing the
mirror angle. The area of each capacitor (array of comb-like beams) is defined by the product of the
beams’ height, which corresponds to the thinner thickness achieved in the device layer of the SOI wafer
and the overlapping length. Each inner axis electrode pair consist of a fixed and a movable comb actuator,
and an electrostatic torque is generated when a voltage is applied across the comb electrodes, thus
rotating the mirror around the inner springs’ axis, as displayed in the 3D model of Figure 3-40.a. The
electrode gaps depend directly on the micromachining process limitations, namely on the minimum
feature size and the over-etch in the active layer, as well as on the multilevel patterning of the asymmetric
electrodes. Within the Microfabrication and Exploratory Nanotechnology (MeN) group at INL, a novel

fabrication process, developed in this thesis, using a single grayscale lithography for the inner electrode’s
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patterning was established and optimized [116], and the inner axis electrodes’ gap was defined with
3 um to increase the process yield, the robustness of the actuation electrodes, and to prevent pull-in

between the movable and fixed ones.

Top View ! " T
@ OAx ! Torsional Axis [
] ]
Outer Axis left QOuter Axis right
Sensing Electrodes Sensing Electrodes
IAx Asymmetric electrodes

Bottom View

Inner Axis
Sensing Electrodes
1 1
Inner Axis
Actuation Electrodes

—

IAx Handle Frame
.‘“lor Cawty

Outer Axis right
Actuation Electrodes

1 . N
IAx  Torsional Axis

OAXx torsional springs

Outer Axis left
Actuation Electrodes

Figure 3-39 - Schematic of the 2D MEMS mirror.
The implementation of a vertical comb-drive electrostatic actuator in the same initial silicon layer is a key
feature of the inner axis actuation since it enables the natural operation of the device in resonant mode,
eliminating the need for external perturbation. By integrating the actuator in this manner, the system is
inherently predisposed to resonate, enhancing its efficiency and effectiveness in applications where such

dynamic behaviour is advantageous.

The outer structure presents symmetric comb-electrodes for sensing and staggered electrodes for
actuation. Staggered comb-drive electrodes were implemented using the handle layer as an active part of

the MEMS device. In these actuators, when a DC voltage is applied between both electrodes, a constant
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electrostatic torque is generated, twisting the mirror to a fixed angle around the outer springs’ axis, Figure

3-40.b. The higher the DC actuation voltage, the larger the torque applied until the equilibrium between

the torque produced and spring restoring elastic torque. The maximum angle attainable in static mode is

geometrically defined.
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(b) Outer axis deflection

ol

(c) Inner and outer axis simultaneous deflection.

Figure 3-40 - Fast axis and slow axis movement design.
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The inner structure, such as the mirror surface and electrodes, is connected to a handle-thinned frame,
achieving a mechanically coupled microstructures while remaining electrically decoupled. This frame is
suspended by the outer axis springs, which were designed with a double spring layout, enabling the
routing of more than one potential for the inner axis. This allows the system to have both sensing and
actuation of the inner axis in a single layer of electrical routing connections. The outer axis actuation
presents windows to the handle layer, enabling access to the back-side electrodes for metal deposition

or direct bonding and creating the necessary electrical connection to actuate the slow axis.

3.5.1 Electrical routing

The MEMS mirror electrical routing is detailed in Figure 3-41, with the different potentials represented in

different colours.

OAx! Torsional Axis
I

Torsional Axis

MM = Mirror’s Movable rotor

|Ax

[ IAXA - Inner axis Actuation
. IAXS — Inner axis Sensing
OAXAR - Outer axis Actuation

[ OAXSR - Outer axis Sensing

OAXAL — Quter axis Actuation

. OAXSL — Outer axis Sensing

Figure 3-41 - 2D Mirror electrical routing.
The ground potential is applied at MM pads connected to the mirror’s rotor in both the inner and outer
axis, represented in light grey. The IAXA contact pads are connected to the actuation electrodes through
one of the outer axis torsional springs (dark grey), while 1axS pads are connected to the sensing electrodes
(black) through another (to sense the capacitance changes with the mirror's angle). The handle layer

inner frame will mechanically support all these electric connections, ensuring their electrical separation
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and giving the inner axis the necessary stiffness. The electrodes for the slow axis are divided into four
sets: two for the actuation, OaxAR (light blue) and OaxAL (light red), and another two for the angular
sensing, OaxSR (dark blue) and OaxSL (dark red), to each side, right and left, respectively.

This design, where the torsional springs are used not only as a mechanical anchor but also as the
electrical route for different potentials to the inner movable structure, enables the possibility of having all
the electrical connections using only a single SOI wafer without using a complex bonding process or TSV

(Through Silicon Vias) needed in single spring standard designs.

The pads are the contact channels of the mirror with the outside. These were designed to be as large as
possible without compromising the total area of the device to make the entire wire bonding process more

accessible and more efficient.

3.5.2 2D MEMS Mirror variation

Different variations of the MEMS mirror layout were implemented into two designs, where the outer axis
springs’ geometry and the number of electrostatic electrodes were changed. Two designs with
200 electrostatic electrodes were implemented with different springs, one with a larger width of 20 um
and the other with 10 um-width. This change results in the mirrors having different resonance frequency

and maximum deflection angles.

Table 3-6 shows the parameters of the different 2D MEMS mirror layouts, such as the number of

electrodes and respective features, natural resonance frequency, and spring features.
To summarize, the key features of the designed 2D MEMS mirror are the implementation of:

e Double spring to enable different electrical paths for the gimbal's inner axis actuation and mirror
positioning sense;

e A thinned frame on the handle mechanically attaches all the different FS features, enabling
electrical insulation between them;

e Asymmetric vertical electrodes on the inner axis to enable a resonant mode of operation for the
horizontal projection;

e Fixed actuation electrodes patterned on the handle layer to enable quasi-static actuation for the
vertical projection;

e Top side access to handle electrodes for metal deposition or direct bonding creating the
necessary electrical connection to actuate the slow axis.

A 1D MEMS mirror was also designed as a support device in the development of the final device. This
presents the same specifications as those implemented in the inner axis of the 2D mirror, enabling a

broader and more comprehensive characterization of this axis without influence from the structure of the
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outer axis. This device was also used to validate the micromachining process and the nanoimprint

replication process.

Table 3-6 - Parameters of the layouts developed.

Parameters Design A Design B

Mirror area (I x w)

1100 pm x 1100 pm

Double Springs length (1) 600 um
Double Springs width (w) 10 um
Natural resonance frequency, fy rax 1443 Hz
Number of actuation electrodes 90
Number of sensing electrodes 10

Electrodes dimensions Fixed 500 pm x 20 pm x 50 pm

g (wh) Movable 500 pm x 20 pm x 30 pm

EE Electrodes gaps size 3 um
Double Springs length (1) 600 um
Double Springs width (w) 10 um 15 um
Natural resonance frequency, f, 0ax 305 Hz 538 Hz
Number of actuation electrodes 45 45
Electrodes dimensions Fixed 550 um x 36 pm x 400 pm

(Ixwxh) Movable 550 um x 35 pm x 50 um
Actuation Electrodes gaps 7 um
Number of sensing electrodes 45 45

Sensing Electrodes dimensions (I x w x h) 550 um x 35 pm x 50 um

Sensing Electrodes gap size 10 um

Outer Axis

3.6 Conclusions

In this chapter, the numerical model and evaluation were presented, as well as the FEM modelling and
simulation. The modelling and analysis of the dynamics of a microdevice is an important topic when
designing a MEMS device. The resonant field of view of the inner axis has been analysed from a dynamic
perspective using the Simulink model. The actuation electrode geometry was extensively analysed,

demonstrating that the implementation of asymmetric electrodes to induce an initial out-of-plane torque
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does not compromise the mirror deflection neither its operation. To increase the angle of the mirror at
resonance, the quality factor must be high (which can be achieved for example by reducing the air

pressure in 50%), and/or the applied voltage as well (for example, up to 150 V).

The mirror damping was also analysed and depends mainly on the reflective area size and electrode
geometry. With the fluid simulation, it was possible to conclude that with the decrease of pressure

conditions, the damping coefficient could be decreased and higher mirror angles achieved.

Besides the numerical evaluation using MATLAB and Simulink model, a FEM analysis was also performed
using the COMSOL tool to validate the previous results. So, to facilitate the process of simulation, a set
of simplified models were developed and used in the FEM simulations. The simulations focused on the
structural behaviour of the device, such as frequency of resonance, deformation of the springs and their
induced stress. Besides, the damping and the electrical distribution of the actuating electrodes were also

simulated. With these FEM simulations, a 3D model of the device was designed.
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4. Optical Elements

Diffractive optical elements are devices based on light interference and diffraction. These phenomena
have been well known since the beginning of the XIX century with the establishment of the
Huygens-Fresnel theory [155]. However, the DOE only started to take off with the development of modern
photolithographic techniques in the 1950s [2], [156]. Since then, fabrication techniques, such as modern
high-resolution lithography and integrated circuit techniques, have become affordable and able to produce

devices with higher complexity and sizes smaller than or comparable in size to the wavelength of light.

DOEs are used in a wide range of applications, such as beam shaping [157], beam splitters,
interferometers [158], photonic crystal fabrication [159], [160], and lenses [161], among others. More
recently, spot array DOEs have gained interest for LiDAR sensors [128], [129] since this technology is

moving towards the solid state.

This chapter presents the overall analysis regarding the optical components of the MEMS device, such
as the Dammann diffractive optical element and the reflective coating. Here, the light theoretical
foundations, namely light propagation and diffraction, are presented, as well as the foundations of
Dammann gratings and the constraints that will arise from the combination of the DOE into the MEMS
mirror surface. Moreover, several analytical simulations were developed to attain the splitting performance

of the DOE design, and the final device layout with the DOE entailed on the MEMS mirrors is presented.
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4.1 Theoretical Foundations

Light, while it can be usually represented by rays at the macro scale, it does not merely propagate in
straight lines at the micro-scale, especially when encountering obstacles or apertures. Instead, it
undergoes diffraction, a phenomenon where waves spread and interfere, which is directly explained by
classical geometric optics. To predict these patterns, several diffraction theories and solutions to the wave
equations have been established, including the Rayleigh-Sommerfeld, Fresnel, and Fraunhofer
formulations, Figure 4-1. The Rayleigh-Sommerfeld theory, derived from the scalar wave equation, views
every point on a wavefront as a secondary spherical wavelet source, offering a comprehensive description
of light propagation, especially for near-field diffraction. On the other hand, the Fresnel approximation is
apt for scenarios where the observation point is neither extremely close nor far from the diffracting
aperture, capturing the essence of near-field diffraction. In contrast, the Fraunhofer approximation, ideal
for far-field diffraction, simplifies the phenomenon when the observation point is significantly distant from
the diffracting aperture, often describing patterns like single-slit and double-slit diffractions observed in
laboratories. Together, these formulations bring tools to understand light's behaviour across various

scenarios, from intricate near-field patterns to predictable far-field diffractions.

Rayleigh Fresnel Fraunhofer
Incident A A = N
plane wave ! i :
dI — | 6 =2/d i :
A d?/22 d2/A 2d% /2
0 z

Figure 4-1 — Sketch of three different imaging regions in a lens-less imaging system as a function of the Fresnel distance
[17], [162].

4.1.1 Light propagation foundations
Rayleigh-Sommerfeld propagation

The Kirchhoff theory, developed by Gustav Kirchhoff, is a mathematical approach used to describe the
diffraction of waves, remarkably light and sound waves, part of the broader field of wave theory. In the
context of optics, the Kirchhoff theory provides a framework for understanding how light waves interact
with obstacles and apertures, leading to diffraction patterns. The theory is based on certain boundary

conditions that must be imposed on both the field strength and its normal derivative. These boundary
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conditions are used to solve the wave equation in the region of interest, allowing for the prediction of how
waves will propagate and interfere. Mathematically, the diffraction electric field U (P,) at a point P in the

observation plane is given by:

vy = | f 0y Z2I0 (o) as 1)

To1

Where U (P;) is the electric field at a point P, in the aperture plane, 1,7 is the distance between points
Py and Py, 0 is the angle between P;, k is the wave number, given by k = 2m /A, and the normal to
the wavefront at Py, A is the wavelength of the wave [17]. The Rayleigh-Sommerfeld formulation has been
compared to the Kirchhoff solution and found to yield comparable results, mainly when the aperture
diameter is much greater than the wavelength. It provides a more accurate mathematical description of

diffraction phenomena and is widely used in practical applications.
Fresnel diffraction

The Huygens-Fresnel principle is a fundamental concept in wave optics that provides an intuitive and
mathematical understanding of wave propagation, including diffraction. It is based on the idea that every
point on a wavefront can be considered a secondary source of spherical wavelets spread out in all
directions with a speed equal to the speed of propagation of the waves [17]. The new wavefront at a later
time is the envelope of these secondary wavelets. The Huygens-Fresnel principle can be mathematically

represented as,

01

1 ik
U(pPy) = j—AfLU(Pl)MCOS(B) ds (4-2)

Assuming that ry; > A, where U(P;) is the field at the source P;, A is the wavelength of the wave, k
is the wave number, given by k = 2 /A, P, and P; are the vectors from the source point to the
observation point, 8 is the angle between P; and the normal to the wavefront at Py. The Fresnel
approximation can be applied to reduce the Huggens-Fresnel principle to a more simple and usable
expression for near-field diffraction. The Fresnel approximation is valid when the observation point is not

too far from the source but not highly close either and can be mathematically expressed as

jkz
U(X y,Z) = eTQJZZ(x +ty ) ff [U(E n, 0)6122(5 +n ) J*Az(xf“'}"’)) df d77 (4_3)

where (x,y,z) are the coordinates of the observation point, (¢,n, 0) the coordinates of the source

aperture. And z the distance between the source and observation planes.
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Fraunhofer diffraction

The Fraunhofer approximation, also known as far-field diffraction, is a simplification of the general
diffraction phenomenon that is valid when the observation screen is at a much greater distance from the
source than the size of the aperture itself [17]. In the region of Fresnel diffraction, the observed field
strength U(x, y) can be found from the Fourier transform of the product of the aperture distribution
U(&,7) and a quadratic phase function exp[j(k/ 2z)(é? + n?)], from equation (1-3). However, if

the observation point is at large distances from the diffracting aperture, the following condition is satisfied:

2 2
Z»k(f +7;)max (4-4)

The quadratic-phase factor under the integral sign is approximately unity over the entire aperture, and the
observed field strength can be found directly from a Fourier transform (FFT) of the aperture distribution
itself. Thus, in the region of Fraunhofer diffraction,

Ux,y,z) = %ehz(x ) 4 ff U(§,7,0) exp [—] *—(xf +ym) | d& dn (4-5)

4.1.2 Damman diffractive element

Dammann Diffractive Optical Elements represent a category of diffractive optical components
characterized by their ability to split an incoming light beam into multiple equidistant and equally intense
sub-beams arranged in a well-defined geometric pattern, i.e., Dammann DOEs are binary phase gratings
that can be used to generate a 1-D or 2-D array of equal-intensity spots. These components were
introduced by Fritz Dammann in the mid-20th century. Due to the convenience and simplicity of the
Dammann grating (DG), it decreases the complexity of the optical system and allows beam splitting by
DG at a lower cost. DGs have been applied to laser technology, laser detection, laser direct writing, 3D
measurement, particle manipulation, optical fibre communication, and other fields due to their fascinating

properties, such as high diffraction efficiency, small size, and lightweight.

At the heart of a Dammann DOE's functionality lies the concept of diffraction. When an incident laser
beam interacts with a Dammann DOE, it undergoes diffraction, a phenomenon resulting from the
interaction of light with the periodic microstructures etched or encoded onto the surface of the DOE.
These microstructures effectively serve as a diffractive grating, imposing a phase shift on the incident
light that leads to the formation of multiple diffraction orders or beams. The distinguishing feature of

Dammann DOEs is their ability to generate a specific diffraction pattern with equally spaced, uniform-

Chapter Optical Elements 101



MEMS SCANNERS WITH DIFFRACTIVE OPTICAL ELEMENTS FOR LIDAR APPLICATIONS

intensity beams. This outcome is achieved through precise design and optimization of the microstructure
pattern on the DOE's surface. The critical parameters involved in this design include the period, depth,
and shape of the microstructures, all of which are tailored to achieve the desired beam spacing, diffraction

angle, and intensity distribution.

The Dammann DOE concept was introduced in 1997 by H. Dammann, who proposed a method to
produce many identical images side by side from one initial object [19]. Considered the optical setup

based on Fraunhofer diffraction of Figure 4-2.

] Y Z
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Figure 4-2 — Damman diffraction optical setup.
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The desired light-intensity distribution in the image plane can be written as

1Y) = By P = ) laGx = xng,y = myo)I?, 46)

nm
where a(x, y) is the light-amplitude distribution within a single image structure around the optical axis

of the system, and x, and y, describe the pitch of the two-dimensional image structure. So, the output

of the system is given by the following convolution.

Bi(x,y) = Boto(—x,—y) - T(x,y), (4-7)

where T(x,y) = F{t(&,n)}, so that (4-8) must hold.

IBoto(—x,=y) - TCo N2 = ) lalx = xnp,y = myo)l? (48)

nm

A solution proposed by Dammann, assuming a(x,y) = 0, for |x| = x/2 and |y| = y,/2

n=Nm=M

Ty = ) exp (—inm)BCx = nxo,y —myy) (49

n=—-Nm=-M

which must be valid only in the central block of the (2N + 1)(2M + 1) diffraction orders. Optically,

from Figure 4-2, a set of light spots is generated in the image plane if a transmissive diffraction grating is
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added in the optical path. llluminating a single structure yields a two-dimensional set of image structures

according to a(x — nx,, y — my,) corresponding to the diffraction orders of the grating.

The brightness distribution of the multiple images is the same as that amongst the diffraction orders,
which is determined by the groove shape of the grating. This means that there is a central block of equally
bright diffraction order around the optical axis and some weaker higher diffraction orders with a

non-uniform brightness distribution, which are neglected.

In Figure 4-2, the grating is illuminated by a plane wave from a laser source. The amplitude of the
diffraction pattern is given mathematically by the Fourier transform of the complex amplitude
transmittance G(x, y) of the grating. The function T (x, y) in (4-9) is the Fourier spectrum of the grating,
which must be placed into the grating plane. A 2D filter transparency functions with
te(&,m) = t;(E)t,(m), where t;(&) and t,(n) are orthogonally symmetrical, one-dimensional,
binary, phase-only transparency functions, which can be assumed as +1 and —1 only. The binary
phase-only grating has the form depicted in Figure 4-3, where £&;, &, etc. in £1 (&) are the transition
points, and A§ = 1 the grating period normalized.
One period of the grating

1 0

s S G & $1 %28 Sa S5

Symmetry axis

Figure 4-3 — One-dimensional, symmetrical, binary function having values +1 and -1 only from [19].

The amplitudes u,, of the diffraction orders can be computed by (4-10), where &, the transition points,

N is it correspondent number (between § = 0and & = 1/2), §; = 0and éyyq = 1/2.

N
o =2 ) (~1*(eer — )
oo (4-10)
1
ty = — ) (~DF(sin(2mny,)  sin(2mnge)
nm )
Here, the goal is to achieve the equality of (4-11), together with an efficiency 1, as high as possible.

|u0|2 = |un|2 forn=12,...,N (4-11)

N
n = |u0|2+22|un|2 (4—12)
n=1
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One-dimensional Dammann grating is a typical diffraction optical element for generating a linear array,
and 2D one is a kind of grating for obtaining a 2D beam array in the far-field. The superposition of two
1D gratings in orthogonal directions (x and y) forms a 2D Dammann grating. Considering the orthogonal
grating as a and [3, the 2D one can be formed by logical operation and can be expressed as

a-,3={7(§: Zzg (413)

In (4-13), @ and B are binary phase with two independent numbers, i.e., 0 and m [163]. The
transmittance functions in the x and y directions are T'(x) and T (y); following (4-13), the transmission

function T (x, y) of 2D DG can be further written as:

arg[T (x,y)] = arg[T(x)] - arg[T (y)] (4-14)

4.1.3 Aperture angle between the diffracted beams

The diffraction angle of order m, 8,,,, between the interference pattern order created by the Dammann
DOE can be defined by the diffraction, which is related to the incident angle on the grating, 6;, the grating

period, d, and the diffraction order, m, which can be a positive or negative integer.

d(sinf; + sinb,,) = mi (4-15)

Figure 4-4 depicts the resultant grating spacing, also denominated as pitch, for a target order aperture
angle and wavelength. As can be seen, it is required to reduce the grating pitch to achieve larger aperture

angles, which can be challenging in terms of microfabrication limitations.
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Figure 4-4 — Grating pitch relation with target aperture angle and wavelength.

4.1.4 Constraints from the merging of DOE on the MEMS surface

The optical path length refers to the equivalent distance travelled by light through an optical medium,

adjusted for the refractive index of the medium as if it was travelling in vacuum. When the refractive index
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is close to that of vacuum, the optical path is equivalent to the physical distance covered by the light

wave, as given by

OP = P1P; Nypedium (4-16)

As the grating is defined as a surface relief on the MEMS mirror surface, the laser incident angle on the
grating will dynamically change with the mirror's two-axis actuation, resulting in a geometrical change of

the beam optical path in the grating.

Consider two rays of a laser beam that come from a coherent laser source that are incident on a tilted
mirror with a regular grating topography, such as a DOE, as represented in the schematic of Figure 4-5.
The first ray is reflected at the bottom surface, at point B, while the second ray is reflected at the same
location where the second reflected ray is aligned with the top surface, point C, with the same reflection
angle and direction. However, the optical paths of these beams, denoted as OP; and OP,, differ slightly
as they propagate. Beam 1 travels from its origin to points A, B, and C and finally reaches the target,
while beam 2 travels from its origin to points D, C and then to the target. The optical path difference

(OPD) between the two beams is the difference of OP; and OP,.

Figure 4-5 — Optical path schematic of two rays of a laser beam that comes from a coherent laser source.

Consider that the two coherent beams propagate so that they share a perpendicular wavefront formed by
the plane intersecting their propagation direction and the line AD. This means that, up to that wavefront
plane, beams 1 and 2 have travelled the same distance. From this point onwards, beam 1 will follow the

optical path OP; (4-17), while beam 2 follows the optical path OP, (4-18).

. _ d
P,=AB+BC=24B =2 (4-17)
0k +BC cos(6,)
OP, = CD = 2d tan(8,) sen(6,) (4-18)

The optical path difference between both beams is
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d (4-19)
cos(6,) 2d tan(6,) sen(6,) = 2d cos(6,)

OPD = |OP, — OP,| = 2

which depends on the depth, d and the angle of incidence 6. The phase of a wave propagating through
the air (n = 1) changes periodically along the optical path. Despite both beams being coherent, they will
reach the screen with a given phase shift difference A¢. This difference is given by the difference in their
optical paths and depends on the wavelength of the incident beam, A, the nominal beam angle of

incidence, 6,

OPD 2h cos(6,) (4-20)
AD = 27‘[7 = ZHT

where h represents the etched depth of the grating structure. The binary DOE is typically designed so

that its depth, h, and optical propagation paths result in a desired phase shift of 7. As such, the depth is

calculated as

- A _ A (4-21)
~ 4mcos (6,)  4cos (6p)

With the merging of MEMS and diffractive optical devices into one, i.e., the Dammann DOE patterned in
the mirror reflective surface, when the MEMS mirror is actuated in the inner axis, resonantly moving
around the rest position, the incident angle of the laser beam is continually changing around this nominal
angle at rest, since this with change accordingly to (4-22), where the angle of incidence is static, 8., as

represented in the schematics of Figure 4-6.

Aol = 6y + Opjirror (4-22)

Laser beam Laser beam | Laser beam

Aol

6ml‘rmr

BHHFF(H’

Figure 4-6 — Mirror angle influence on the laser source incidence angle.
One of the challenges when using a diffractive optical element (DOE) on a mirror surface to diffract the
incident beam into several beams is the uniformity of the intensities of the multiple beams. This uniformity
is dependent on the phase shift due to the reflection on the DOE, which depends on the angle of incidence.

However, as the mirror tilts, 83,07, the angle of incidence of the beam, 8,4,;, on the mirror also
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changes, which results in a variation of the optical path and resulting phase shift. Figure 4-7 illustrates

how the optical paths of two beams are altered for different mirror angles.
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Figure 4-7 — Beams optical path schematic for an incident angle, @ (a) < 0° and (b) > 0°.
4.2 Analytic evaluation of diffractive optical element

The final device of this thesis is targeted to implement a diffractive element that splits the input beam
into five, equally distributed by 2.6 degrees. This means that the Dammann grating has to be designed
to have a high uniformity up to two interference diffracted orders, with a specific pitch for a laser

wavelength of 1550 nm.
From the previous theoretical analysis, it is possible to define the following parameters:

1. The grating pitch, d, which assumes the desired aperture angle, 8,,, between the interference
pattern orders of 2.6° and the wavelength of 1550 nm, it can be computed by (1-3), resulting in
d equal to 34.2 pum.

2. Moreover, the transition points to obtain two diffraction orders. Dammann et al. [19] listed all the
practical solutions up to four diffraction orders and the respective efficiency for a given minimum
distance between two transition points in the grating structure. For two diffraction orders grating,
two viable solutions are detailed in Table 4-1. Given the efficiency values, the highest one was

chosen for the grating.

Table 4-1 - Damman solutions for N = 2.

N 1 [%] ‘51 EZ Amin
48.2 +0.242 +0.414 0.172
2
77.4 +0.132 -0.480 0.040

Assuming both parameters, the grating features sizes were defined, and are detailed in Figure 4-8 and

represented in the top perspective of the grating topography of Figure 4-9.
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Figure 4-8 — Damman grating parameters used on optical analytical simulations — one segment perspective view.
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Figure 4-9 — Damman grating parameters used on optical analytical simulations — full reflective area layout top view.
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In order to analyse the performance of the beam-splitting diffractive optical element, an optical analytical
simulation tool was implemented using the MATLAB tool, which takes into account the geometry of the
grating, such as pitch and grating depth, and the incident laser beam properties, such as angle of
incidence, wavelength, diameter, among others. The simulator has several input parameters such as the
grating depth and phase mask; the angle between the propagation direction of the beam and normal to
DOE surface, denoted as Aol, (regarding the MEMS structure inner axis) and Aol. (regarding the MEMS
structure outer axis), as detailed in Figure 4-10; the intensity and phase distribution of the incident beam;

the incident beam wavelength; and, the position and geometry of a flat detector screen.

mirror y

ab

HIH‘P‘OF‘/\

6

Figure 4-10 — Schematic of the influence of the mirror motion on the angle of incidence, with the inner, Aol, and outer axes,
Aol..
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The simulator assumes that the input DOE phase mask is given for Aol in both axes of 0°. Then, it corrects
both the surface relief topography as well as the phase modulation according to the input Aol for the inner
and outer axis, Aoly and Aolx, respectively, and recalculates the phase shift of the grating according to
the depth input. Such operations are respectively carried out in blocks Adapt surface relief inclination and

Adapt phase modulation.

In the former block, the surface relief pattern is projected along a plane perpendicular to the propagation
of the beam, whereas in the latter one, an additional phase shift due to the tilt of the grating with respect
to the beam is computed. The two contributions are added in block Ao/ correction, and the DOE response

is computed in the block Compute field at DOE outout.

After obtaining the diffracted beam, an additional block is inserted (Propagate Beam) that is used to
compute the propagation of the beam from the DOE to a detector whose position, orientation, and
geometry are set as input parameters. Moreover, it is possible to switch between using a standard FFT
or a non-uniform FFT method to compute the response. The resulting beam at the detector is computed
in block Compute resulting beam, and the phase, amplitude or intensity can be plotted using visualization
tools Extract phase, Extract amplitude and Extract intensity. Currently, the simulation tool is limited to flat

rectangular detectors. A block diagram of the simulator is depicted in Figure 4-11.

DOE phase mask o Adapt surface relief angle

(normal incidence)

Aol correction

—>| Adapt phase modulation

Aol
(xand y)

Intensity & phase of
the incident beam

Compute field
at DOE output

Wavelength >

Distance & position
of detector screen |

Propagate beam

h 4

Input parameters Compute |
resulting beam

Figure 4-11 - Dammann grating diffraction simulation tool architecture.

4.2.1 Projection pattern

The incident laser beam is considered to follow a Gaussian distribution with a beamwidth (o ,,) defined

by the FWHM (full-width half maximum) and described in the following equation (4-23). Figure 4-12

depicts a perspective and top view of the simulated incident laser beam.
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x—x9 y-—y0
Uy(x,y) = A*exp (— 207 - 202 > (4-23)
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Figure 4-12 — Laser source simulated beam, perspective, and top view.

The field of the beam after the interaction with the DOE, i.e., with the phase shift interference, is calculated
and the free space propagation of the diffracted beam is computed, using the Fresnel approximation for
a projection screen below 104, and for higher values (far field) the Fraunhofer one. Figure 4-13 presents
a perspective and top view of the simulated diffracted pattern using the Dammann DOE grating values of
Figure 4-8, assuming the static rest position with an incident angle of 45°. It is possible to see that the 5
central spots (m =-2,-1, 0, +1, +2) present a higher intensity compared to the remaining higher orders.

Perspective view Top view

0.5

Intensity (norm.)

y-axis coordinates [mm)]
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Figure 4-13 - Simulated diffracted beam, perspective, and top view.

4.2.2 Grating depth

In the proposed integration of the diffractive element into the reflective surface of the MEMS mirror, the

grating depth presents a critical role in the overall optical performance of the final device. With the
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developed analytical model, it was possible to simulate the optical projection and uniformity of the five

central spots for different grating depths.

Figure 4-14 presents the required depth to achieve a phase shift of 7, for a determined angle of incidence
to the horizontal axis at the rest position, i.e., when the mirror is not actuated. As can be seen, for larger
Aol, a larger grating depth is required. For example, to an Aol of 45°, the grating must have 548 nm of
depth. This means that for the same angle of incidence, the same Dammann layout will present different
projection profiles when micromachined with different depths. Figure 4-15 depicts the maximum vertical
normalized intensity of four gratings, differing on the micromachined depth (100 to 700 nm), for an Aol

of 45°,

800 Grating depth for a Phase Shift of = at rest position

750 - T

~
o
o
T
L

(1]
(41]
o
T
1

550 5

Grating depth [nm]
@D
8
1

500 1

450 -

400 1 1 1 1 1 | 1 1
15 20 25 30 35 40 45 50 55 60

Rest position angle of incidence, A0|y [

Figure 4-14 - Grating depth and angle of incidence assuming a phase shift of 7.
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Figure 4-15 - Diffracted projection, assuming an Aol, of 45°, for different grating depths (100, 300, 500, and 700 nm).

Consider the top plots, with an Aol of 45°, in which the depth that results in a phase shift of 7 is 548 nm.
As can be seen, the diffracted pattern presents the highest uniformity on the five central spots on the

500 nm-depth gratings and drastically decreases on the remaining topographies.
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4.2.3 DOE Dynamic performance

Mechanically, the MEMS mirror needs to deflect +15° (total of 30°) to optically steer the incident beam
in +30° (total of 60°), assuming a static position for the laser source, which results in a dynamic optical
performance, and consequently in a dynamic projection uniformity, since the angle of incidence will

continuously change.
MEMS inner axis influence

Consider the previous analysis, where the grating depth that resulted in the highest uniformity for a given
Aol at the rest position, now it is analysed assuming the inner axis motion of £15° around the rest
position. Figure 4-16 presents the optical projection of a grating implemented to a rest position Aol of
45°, which required a depth of 548 nm, and the angular bandwidth of interest was from 30° to 60°

Grating projection for diferent Aoly, with Aol =0° and depth =548nm
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Figure 4-16 - Diffracted projection, assuming an Aol, of 30, 40, 50 and 60°, for a grating depth of 548 nm.

This analysis was conducted for a range of grating depths from 100 nm to 700 nm and for a laser beam
Aol from 0° to 60° to analyse if there is a grating depth that presents a 30° range with a high uniformity.
Figure 4-17 presents a gradient plot of the average intensity of the five central spots, and as can be seen,

the 45° grating presents a non-uniform projection for the £15° range around the rest position.

However, it is possible to conclude that by decreasing the laser Aol, it is possible to increase the
uniformity. Since it is impossible to arrange the reflective grating and laser with an Aol of 0° (because
the reflective beams would reflect directly to the laser source, a margin of 3° was established to
accommodate the laser source and respective collimation without blocking the reflected beams. So, the
possible arrangement between the grating and the laser that has a better response is the 18° Aol at the

rest position, with 407 nm and the angular region from 3° to 33°.
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Figure 4-17 - Diffracted pattern central spots intensity average normalized, as function of the grating depth and laser angle
of incidence Aol,. Highlight the initial assumption of a system with a normal Aol, of 45° and the optimal solution with an Aol,
of 18°.

The experiment of Figure 4-16 was redone for the 18° Aol, as represented in Figure 4-18. As expected,
both gratings present a high uniformity close to the rest position Aol, namely 40° for the 45° and 20°
for the 18° one. However, for the interest angles, the new one presents a higher uniformity of the five
central spots within the target range compared to the first one, which decreases to half of the intensity

on the non-zero orders.

Grating projection for diferent Aoly, with Aol =0° and depth =407nm
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Figure 4-18 - Diffracted projection, assuming an Aol, of 3, 13, 23 and 33°, for a grating depth of 407 nm.

MEMS outer axis influence

Consider the previous analysis, where the grating depth that resulted in the highest uniformity for a given
Aol at the rest position, now it is analysed assuming the outer axis motion of +1.3° around the rest
position. Figure 4-19 presents the optical projection of a grating implemented to a rest position Aol of

18° regarding the inner axis (y-axis).
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Grating projection for diferent Aol , with AoIy =18° and depth =400nm
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Figure 4-19 - Diffracted projection, assuming an Aol. of 0, 0.5, 1 and 1.5°, for a grating depth of 407 nm.

As can be seen, the projection, with the increase of the outer axis angle (Aolx), starts shifting regarding
the actuated side, and the uniformity of the central spots remains constant for the overall motion. This
analysis was again conducted for a range of grating depths from 100 nm to 700 nm and for a laser beam
outer axis Aol from 0° to 1.5° to attain if there is a grating depth effect on the outer axis deflection
uniformity, assuming the Aol of 18° regarding the inner axis (y-axis), Figure 4-20. These results sustain
the previous conclusion, where the effect of the outer motion can be neglected in the final projection of

the Damman DOE.
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Figure 4-20 - Diffracted pattern central spots intensity average normalized, as function of the grating depth and laser angle
of incidence, Aol..

4.2.4 Incident beam collimation effects

Laser beam collimation refers to the process of minimising the divergence of a laser beam, resulting in a

beam that does not spread significantly as it travels through space. Collimation is essential for applications
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where a concentrated beam of light is required over long distances, such as in laser pointers, surveying

equipment, and various scientific apparatuses.

In a perfectly collimated laser beam, all the light waves (photons) would travel in the same direction, with
their wavefronts (the surfaces of peak wave amplitude) in parallel planes. This ideal state would mean no
divergence or convergence of the beam over distance, allowing the laser to project a small and intense
spot of light at targets far away. However, due to the physical properties of light described by diffraction,
perfect collimation is impossible. Diffraction is the bending of light waves around the edges of an aperture
or obstacle, which inherently causes the light to spread out. The degree of collimation that can be achieved
in practice is determined by the quality of the laser's optical design, including the shape and alignment

of the laser cavity and the lenses or mirrors used to focus and direct the beam.

In laser systems, collimation is often achieved using a collimating lens, which converts the diverging light
from a laser source into a parallel beam. The effectiveness of collimation can be influenced by factors
such as the wavelength of the laser light, the size of the emitting aperture, and the precision with which

the collimating optics are manufactured and aligned.

The impact of the incident beam spot size/collimation on the DOE projection was evaluated for different
beam widths defined by FWHM. This parameter was simulated for a value of 0.9 mm (assuming sigma
as 0.45, half of the beamwidth), 2 mm and 4 mm, and the corresponding grating projection for each
case is presented in Figure 4-21. As can be seen, with the increase of the incident spot size, the width of
each split beam increases in the same proportion, decreasing the angular resolution of the projected
pattern. This effect in LIDAR systems can lead to a reduction in the system's resolution and accuracy, as

a wider beam spread may result in less precise distance measurements and lower-quality data collection.
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Figure 4-21 - Grating projection pattern, assuming Aol. of 0°, Aol, of 18° and depth of 407 nm, for different incident laser
beam widths (from 0.9 mm to 4 mm).
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4.2 .5 Field of View simulation

The target field of view, assuming the motion projection of the MEMS mirror, was analysed using the DOE
simulation tool. Initially, the simulation focused solely on the inner axis motion (horizontal projection),
with an angular mirror resolution of 0.05°. The diffracted projection, simulated at 2 meters from the
diffractive element for a full mirror motion cycle, is depicted in Figure 4-22. In this figure, five horizontal

lines with high uniformity are observable.

Subsequently, the simulation was conducted assuming only the outer axis motion (vertical projection),
and the diffracted projection at the same distance of 2 meters from the diffractive element is presented
in Figure 4-23. Here, a single vertical line is depicted, which corresponds to five smaller lines of equal
length. Finally, the diffracted field of view (FoV) was simulated, assuming the motion of both axes. As
illustrated in Figure 4-24, five rectangular areas can be scanned. The maximum angle of the outer axis

was limited to 1° to facilitate the identification of the focused sections within the total FoV.
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Figure 4-22 — Large diffracted FoV simulated at 2 meters from the DOE for a full motion cycle, with only inner axis motion.
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Figure 4-23 - Large diffracted FoV simulated at 2 meters from the DOE for a full motion cycle, with only outer axis motion.
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Figure 4-24 - Large diffracted FoV simulated at 2 meters from the DOE for a full mirror cycle, with inner and outer motion.
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4.3 Reflective Dammann DOE micromachining techniques

The integration of Dammann gratings into MEMS reflective surfaces is facilitated by their compatibility
with planar fabrication techniques, such as photolithography, due to their straightforward design.
However, there are different techniques capable to entail these gratings, each with advantages and
disadvantages. This section details the various micromachining techniques used for crafting both
transmissive and reflective Dammann DOEs. Additionally, an examination of the reflective coating

properties is conducted to guarantee that the performance of the device meets the desired specifications.

4.3.1 Microfabrication Sof surface reliefs

The Damman grating splitting outcome is achieved through precise design and optimization of the
microstructure pattern on the DOE's surface, i.e., of the surface relief topography. The critical parameters
involved in this design include the period, depth, and shape of the grating topography, all of which are
tailored to achieve the desired beam spacing, diffraction angle, and intensity distribution. Typical surface
relief DOEs, as illustrated in Figure 4-25, consist of a machined substrate with different depth structures.

The substrate material can be silicon, glass, polymers, or other mediums as needed.

Figure 4-25 — Binary DOE by substrate etching.
Additionally, structures of materials of different refractive indexes may be used to create a DOE, as
illustrated in Figure 4-26. Here, a flat substrate is coated with an additional material, such as SiO,,
photoresists, ORMOcomp, or other dielectric stacks, which have a given refractive index and thickness. A
mask is produced on top of this layer, using lithography techniques, which is then removed to form the

material pattern.

Figure 4-26 - Binary DOE by different material reliefs.
Surface relief DOEs are not limited to binary layer heights, which would correspond to two discrete values
of the optical phase shift, such as 0 and 1, for example, in the case of Dammann DOEs. DOEs with
multilevel depths of the surface reliefs can be used to provide a stepped or continuous variation of the
phase shift. These multilevel structures can improve DOE diffraction efficiency. These surface reliefs can

be produced on a substrate or a coated material layer, as shown in Figure 4-27.a and b, respectively.
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(a) (b)

Figure 4-27 — Multilevel DOE by (a) different material reliefs or (b) substrate etching.

Reflective DOEs are typically fabricated by etching a rigid substrate, followed by a coating of a reflective
layer, as shown in Figure 4-28.a, such as a metallic layer. A hybrid reflective DOE can also be produced,
as shown in Figure 4-28.b, where a flat reflective layer is coated first on the flat substrate, and then a
secondary dielectric structured medium is deposited to form the phase-shifting structure. This hybrid
approach has the advantage of enabling the processing of high-performance multi-stack reflective layers,

which are not deformed by the underlying topography.
_— el ™ ™™ A A ]
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Figure 4-28 - Binary reflective DOE by (a) substrate with reflective coating followed by different material reliefs or (b)
substrate etching followed by reflective coating.

4.3.2 Device reflective surface

The efficacy of LiDAR scanning devices is contingent upon the reflective properties of the surfaces within
the system. Here, the reflective coating presents a critical role for such devices, with an emphasis on the

implications of the incident beam's wavelength on the design considerations.

Silicon substrates are known for their low reflectivity in the near-infrared spectrum, which can lead to
overheating and damage to the device. To address this issue, thin-film metal coatings are the most widely
adopted method to enhance reflectivity in most MOEMS devices. The reflective layer fabrication is based
on surface micromachining, where the material layers are deposited on top of the silicon substrate. In
typical reflective mirrors, the reflective layer is usually some metal like silver, tin, nickel, chromium, or

aluminium, as represented in Figure 4-29.
L H
L H
Metal L H

Si Substrate Si Substrate

Figure 4-29 - (a) Metallic coating and (b) multilayer stacks coating (higher reflectivity and higher heat immunity).

On the other hand, a dielectric mirror, also known as a Bragg mirror, is a type of mirror composed of

multiple thin layers of dielectric material, typically deposited on a substrate of glass or some other optical
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material. Dielectric mirrors function based on the interference of light reflected from the different layers

of the dielectric stack.

This surface reflectivity is an essential factor for the MEMS mirror with the reflective DOE performance,

and this is defined as the ratio between the reflected and incident power, as expressed in equation (4-24).

Preflected (4‘24)

Reflectivity (%) = Sincident
As presented in [2], materials like aluminium, gold, silver, and copper exhibit high reflectivity in the
conventional band (c-band) around 1550 nm wavelength [58]. However, in choosing the appropriate
coating material, factors such as coating/silicon adhesion, corrosion problems, and power threshold must
be considered. However, superior performance coatings can be achieved through the stacking of multiple
layers with low (L) and high (H) refractive indexes, known as dielectric or multilayer coatings (Figure 4-29,

b). The deposition of both dielectric layers is made by plasma-enhanced chemical vapour deposition

(PECVD). These stacks can achieve higher reflectivity values for the design wavelength.

Reflectivity is closely associated with the power threshold, which affects not only the coating but also the
suspension springs of the scanning device. This threshold limits the system's power operation, as the
micromirror reflectivity decreases and, after some cycles, the mirror's springs break (due to melting and
mechanical fatigue) for power levels exceeding the threshold. Below the threshold, the micromirror
delivers acceptable performance. Table 4-2 presents the damage threshold of different materials. as

reported in [68].

Table 4-2 — Power damage threshold of different materials per unit of area [W/cm?],

Material Damage threshold
Aluminium 350 W/cme
Silver 1500 W/cm?
Gold 750 W/cm?
Copper 5000 W/cme
Silicon 200 W/cme

Dielectric mirrors 2000 W/cm?

Despite the advantages of dielectric coatings in heat management, since they can absorb significant
amounts of heat without being damaged, they present critical challenges. The control of the thickness of
each layer is critical to satisfy the Bragg condition and to ensure a high-reflectivity reflection band. Also,
the surface roughness of the reflective layers must be minimized to prevent the degradation of the

coating's blocking depth and to avoid the scattering of the reflected beam.
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In thin metal layer coatings, thermal damage is a real problem, and, typically, they eventually deform or
even melt when absorbed the same amount of heat as the dielectric ones, which can lead to peeling

effects and compromise the coating’s properties.

4.3.3 Single Metal layer modelling

To identify the optimal reflective material(s) for a desired device, the optical performance of various
materials was evaluated using the TFCalc tool, which facilitates the computation and design of optical
thin film coatings. Figure 4-30 delineates the reflective structure as modelled within TFCalc, which
simulates the reflective surface of a MEMS mirror.

Angle
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Incident Medium

'E Front Layers E'

Substrate

'E Back Layers EI

Exit Medium

Figure 4-30 - Schematic of the standard reflective stack structure simulated on TFCalc.

The SOl-based MEMS micromachining process, typically used at INL, uses an initial 500 nm-thick metal
layer of AISiCu to create the electrical contacts of the MEMS device. Assuming the compatibility of the
DOE and the MEMS mirror process and that the reflective coating of the mirror could be created in the
same metal layer as the contacts, a 500 nm-thick layer of AlISiCu was assumed as the front layer of the
optical model. This integration strategy simplifies the fabrication process by utilizing a single material
layer for multiple functions. Figure 4-31 presents the reflectance for a wavelength band, ranging from
250 nm to 2500 nm, for an incident angle, 8;, of 45°, of a silicon substrate (a) and a silicon substrate

with a layer of aluminium (b).

Reflectance [%]
o
°
Reflectance [%]

500 1000 1500 2000 2500 500 1000 1500 2000 2500
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(a) (b)

Figure 4-31 - Comparison of theoretical reflectance of the silicon substrate and a silicon substrate with a thin layer
(500 nm) of aluminum. Red stars represent the reflectance for a wavelength of 1550 nm.
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It is observed that in the near-infrared band, silicon demonstrates a reflectivity of less than 50% for the
target wavelength of 1550 nm. This low reflectivity results in undesirable power loss through transmission
and absorption. Conversely, the application of an AlSiCu coating markedly enhances reflectivity, achieving

a near doubling of the percentage, surpassing the 95% threshold requisite for the device's operational

efficiency.

Given the high reflectivity of the thin AISiCu layer, coupled with its process compatibility with MEMS mirror
and DOE fabrication, it was established to implement it on the MEMS device. Subsequent considerations
for alternative dielectric coatings were deemed unnecessary due to their complexity in ensuring precise
layer thickness control. Moreover, the micromachining process of these coatings and MEMS devices
presents several incompatibilities, from the creation of the stack to the release of the MEMS device without

peeling problems of the stack.

4.4 Dammann Integration with MEMS Mirror

In the previous section, the analytical analysis and design of the Damman grating were described. This
section presents the DOE and the MEMS structures integration, considering the results obtained in the
various evaluations. Figure 4-32 illustrates the 3D model developed using a CAD software. As can be

seen, the grating reliefs were integrated into the MEMS reflective surface.

Figure 4-32 — 3D model of the MEMS mirror with DOE designed, with a schematic of the projected diffraction.
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Given the compatibility of both processes, it was defined to micromachine the DOE topography prior to

the typical MEMS mirror fabrication. So, initially the Dammann design is intended to be patterned directly

into the SOI device layer and then, and the thin layer of AISiCu, typically used only to the electrical contacts

will be sputtered on the already patterned silicon grating, giving it the reflective property. Since the AlSiCu

sputtering process is a non-conformal process, this will be only deposited into to the silicon planar surface

(not deposited on the grating side walls) minimizing deformations to the critical grating features.

Figure 4-33 displays a top view model of the final device with highlight on the grating structure. Two

Dammann designs are intended to be micromachined, one optimized for a Aol of 45°, which implies a

grating depth of 548 nm and other for 18°, with 407 nm.
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Figure 4-33 — Schematic of the 2D MEMS mirror with diffractive optical element.
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4.5 Conclusions

In this chapter, the theoretical foundations of the diffractive element were presented, as well as the
analytical model and evaluation. The modelling and analysis of the beam-splitting effect of a reflective
DOE is a critical study towards the target device of this thesis. Here, light can not only be considered as
a ray but also as a wave encountering an obstacle and consequently diffracting with a specific pattern.
Several diffraction theories have been established to predict these patterns, including the Rayleigh-

Sommerfeld, Fresnel, and Fraunhofer formulations.

Given the Damman simplicity and micromachining process compatibility with the MEMS mirror one, this
was established to be implemented on the final device. Dammann DOEs are characterized by their ability
to split an incoming light beam into multiple equidistant and equally intense sub-beams arranged in a
well-defined geometric pattern, i.e., Dammann DOEs are binary phase gratings that can be used to
generate a 1-D or 2-D array of equal-intensity. These span a broad spectrum of optical systems, where

controlled and structured light patterns are fundamental.

The reflective splitting uniformity, aperture angle and grating depth were analysed, as well as the influence
of the MEMS mirror. Given the attained results, it was concluded that a normal laser angle of incidence
of 45° would not present a uniform projection for the total FoV when the mirror is actuated. So, an
extensive analysis of the optical performance for different grating depths and angles of incidence was
carried out, and an optimal arrangement between the mirror and the laser with 18° was found. Two
designs were defined, one with the target and final system Aol of 18° and another for 45°, to facilitate

the static experimental characterization of the DOE.
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5. Micromachining process

This chapter delves into the micromachining developments of this thesis to produce the final mirror

device, a 2D MEMS mirror merged with a diffractive optical element on its reflective surface. For this
reason, several preliminary studies were conducted to evaluate the fabrication limits and constraints,
such as the reflective coating analysis, minimum electrode gap, grayscale lithography patterning, among
others. As previously mentioned, a 1D MEMS mirror was also fabricated to validate the process flow and
the designed analytical models. Finally, nanoimprint lithography was studied and implemented to optimize
the MEMS scanner process for mass production fabrication, reducing the costs, and time to fabricate and

increasing yield.

The MEMS micromachining process is primarily based on planar technologies, which entail constructing
MEMS components on a flat wafer substrate. The designed MEMS mirrors possess a unique attribute —
the use of asymmetric electrodes for actuation. Grayscale lithography was employed to micromachine
these electrodes, enabling the patterning of different masks in a single lithography step, eliminating
misalignment issues, and minimizing the necessary lithography steps. In the wafer's back-side, double
lithography is used in the patterning process to implement a thinned inner axis mechanical frame since

the alignment here is not critical, and GS exposure takes longer.
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5.1 Preliminary micromachining studies

This section details the preliminary study of the different micromachining processes. This comprises the
analysis of the implementation of grayscale lithography for multilevel MEMS actuators in the same initial
silicon layer, the analysis of different reflective coatings for the mirror surface and the tolerance in the
patterning process of the diffractive grating. The DRIE process was analysed, focusing on the minimum
gap size achievable and the creation of different electrical active parts in the SOI's handle layer. Most of
the tests performed used a preliminary layout of the final 1D and 2D MEMS mirror since these
micromachining processes and subsequent results are extremely dependent on the layout, such as the
area exposed to etch and uniformity of the features to process, among others. These layouts do not

correspond to the final MEMS devices presented in the subsequent chapters.

5.1.1 Reflective coating

The reflective coating fabrication is based on surface micromachining, where the different material layers
are deposited on top of the silicon substrate. Three different reflective coating layouts were fabricated, all
with a thin aluminium alloy (AISiCu) layer on a single-side polished (SSP) wafer. The first and second
samples, DC1 and DC2, presented a reflective area of 1 mm per 1 mm, while the third one was a large
piece of silicon completely covered with the reflective coating. This aluminium coating was achieved by
sputtering a thin film of AISiCu (500 nm) on the FTM Timaris tool on top of the silicon surface. To measure
the reflectivity of the fabricated MEMS mirror AISiCu, an optical experimental setup (Figure 5-1) was built
consisting of a collimated laser source, a rotation stage where the Device Under Test (DUT) was
assembled, and a power meter. The laser is aimed at the DUT at 45°, and the power meter is placed
orthogonally. The absolute power emitted was measured by shining the laser directly on the power sensor

to access the reflectivity data for the reference mirrors used.

MEMS reflectance experimental setup

QUT

Laser Source

Photodiode Power
Sensor $§122C

i

Power Meter
PM100USB

!

Data processing
& analysis

Figure 5-1 — Reflectance characterization setup
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To access a reference value in this analysis, three mirrors from Thorlabs that present an extensive
reflectance characterization for an incident angle of 12° and 45° for a broad wavelength band were used.
The reference mirrors used are presented in Table 5-1, and the reflectance percentages of each one for

a wavelength of 1550 nm are presented in Table 5-2. The laser source used was unpolarized.

Table 5-1 - Reference Mirrors Used.

PFSQ20-03-GO1 - 2" x 2" PFSQ20-03-FO1 - 2" x 2" PFSQ20-03-P01 -2"x 2"
Protected Aluminum Goating (-601, 45° AO) 1:V'E'E'Jf,"t‘;e:;'“\’:’"a':ierl‘::;tizast:'f&ﬁ)sn Aol _ Protected Silver Coating (-P01, 45° AOI)
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©
&
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Reflectance (%)

—— P-Polarized
—— Unpolarized
—— S-Polarized 92 —— Unpolarized
—— S-Polarized

——P-Polarized

Reflectance (%)

@
a8

~
n

] 0.2 0 20 0.4

1 1 1
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Table 5-2 - Reflectance percentages of the reference Thorlabs mirrors.

Mirrors Wavelength (°) Incident Angle (°) P-Pol(%) S-Pol(%) Unpol(%)
601 12 94.97944 94.74943 94.86443
45 93.32634 94.91736 94.12185
12 96.38026 96.66138 96.52082

FO1 1550
45 95.16446 96.77213 95.9683
- 12 98.28465 98.072 98.17832
45 98.01686 98.41218 98.21452

The experimental reflectance measurements are presented in Table 5-3, with a reference reflectance
relative to the PO1 Thorlabs mirror. It was observed that the fabricated samples (DC1 and DC?2) that have
a 1 mm per 1 mm aluminium coating presented a lower reflectance percentage (approximately 86%)
relative to the bulk AISiCu coating (approximately 94%). This difference may appear from a collimation

problem since the laser beam diameter was larger than expected, i.e. larger than the mirror surface

(1 mm?).

The AISiCu reflective coating offers advantages that elevate its applicability. Notably, it boasts a simplified
micromachining process due to its singular thin-layer composition, in contrast to the more complex
structure of dielectric coatings. This characteristic aligns with the DOE process, simplifying compatibility.
The AISiCu reflective coating confers the desired reflective properties to the Diffractive Optical Element.
This feature assumes significance as the inherent reflective characteristics of a bare silicon wafer fall
short of meeting the prerequisites for the studied infrared laser application operating at a wavelength of

1550 nm.
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Table 5-3 - Experimental Reflectance measurements for a wavelength of 1550 nm.
TYPE DUT Reflectance Transmittance + Absorption Incident Angle
8o GO1 94.12185% 5.87815% 45°
% S PO1 98.21452% 1.78548% 45°
< E
= FO1 95.9683% 4.0317% 45°
_ % AISiCu Coating (Big Piece) 94.34127% 5.658729% 45°
©
g % MirrorDC1- AISiCu 86.7349% 13.265099% 45°
o
° Mirror DC2 - AISiCu 86.34244% 13.657565% 45°

5.1.2 DOE micromachining process optimization

The DOE is a surface relief topography grating etched onto the mirror surface to a phase depth and coated
with a reflective coating. The complexity inherent in the micromachining of the 2D MEMS mirror process
requires, thus, the compatible integration of the diffractive optical element process into the preliminary
stages of the MEMS structure process is studied. For these reasons, the reflective DOE micromachining
process presented in Figure 5-2 was implemented. Here, a thin layer of photoresist (PR) was coated, and
the DOE pattern, using DWL lithography, was exposed into the PR, Figure 5-2.b. After this step, the desired
pattern was transferred to the silicon wafer through a Reactive lon Etching (RIE) process with the desired
depth, Figure 5-2.c. Finally, the wafer passed through an organic cleaning step to remove the photoresist,

Figure 5-2.d.

(a) (b) (©)
B Resist

Silicon
(d) (e)

Figure 5-2 — Reflective DOE topography micromachining process.
The DOE fabrication went through an iterative process optimization to fine-tune each new batch to achieve
the requirements and improve the performance. Table 5-4 summarizes the fabrication and design
features as well as the optical performance of each DOE batch. Here, the main differences between the
batches are the angle of incidence (Aol) for which the DOE surface relief depth is designed and the

lithography technique.
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Table 5-4 - Specifications of the different DOE experimental runs.

Batch  Target Aol DOE depth Exposure Technique

1 45° 548 nm DWL
2 45° 548 nm MA
3 18° 407 nm DWL

Design grating pitch

DWL and mask aligner tools were experimentally tested for the DOE pattern's lithography. The Dammann
DOE fabricated with the DWL exposure presented much more precision, 1,4%, than the DOE fabricated
by using mask aligner, 29.7%, as indicated in Figure 5-3. That is shown by the variation between the
target and fabricated Dammann width parameters, as detailed in Table 5-5. The absolute variation using

DWL is 150 nm while using mask aligner is 750 nm.

A C
1.4pm  9um 11.9 pm
[y B | I |
(a) DWL exposure (b) MA exposure
i .99 prg | |(_ ‘ ‘ |
1 } 5
1.42 E—?l |(_ 5 [ | 976 um 1117
9.02 um 12.054m 10 um , [ | r—;}
i

1
| | S

Figure 5-3 — DOE exposure results analysis, where (a) and (b) microscopic optical images from the tests using DWL and MA
systems, respectively.

Table 5-5 - Fabricated DOE grove measurements and comparison using DWL or MA exposure systems.

Grove Width A B C

Target [um] 1.4 11.9 9
DWL [pum] 1.42 12.05 9.02
Difference to target +0.020 +0.15 +0.02
Mask Aligner [um] 1.99 11.17 9.76
Difference to target +0.59 0.73 +0.76

Grating depth

The depth of the diffractive optical elements affects the final performance of the MEMS devices since the
optical path and resultant diffraction uniformity depend directly. In the initial DOE designs, the optimized
Aol was 45°, which requires a DOE depth of 548 nm. However, for the Aol range of 45°+£15°, the
uniformity will vary from 30% to 93%, as expected theoretically. For larger nominal Aol, a certain tilt angle
variation with respect to the nominal value causes a larger phase-shift, which in turn plays a key role in
the uniformity. To obtain a more even uniformity over the Aol range, the next DOEs and the whole beam

steering system were optimized for a nominal Aol of 18°, which required a depth of 407 nm.

To attain the precise depths for the Diffractive Optical Elements, a series of experimental micromachining

tests were conducted to investigate different etching processes. Initially, experiments were performed
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using Reactive lon Etching (RIE) process on the SPTS Pegasus tool, employing a deliberately gradual
Silicon etch recipe. This approach yielded suboptimal outcomes characterized by pronounced
non-uniformity across the wafer. Even with a preliminary calibration of the etch rate specific to the DOE

layout, it was extremely difficult to achieve the target depth with this process.

In response to these challenges and given the slower silicon selectivity exhibited by the Inductively
Coupled Plasma (ICP) Titanium Tungsten (TiW) recipe, a comprehensive set of experiments were
conducted using this particular recipe. Here, the exposed silicon is etched much slower (making it suitable
to fine-tune the desired depth with more control) and with higher uniformity across the wafer. Table 5-6

presents the etch rate (ER) using both recipes for silicon etch.

Table 5-6 - Silicon etch rate (ER) using different etching techniques.

Tool Silicon ER
SPTS Pegasus 816 nm/min
SPTS ICP 197 nm/min

5.1.3 Frontsside (FS) multilevel process optimization

Given the vertical asymmetric comb-drive electrodes required for the MEMS actuation, a novel self-aligned,
dicing-free [129] and low-cost fabrication process was implemented, combining typical SOl-based bulk
micromachining and grayscale (GS) lithography to create a single mask with multilevel topography,
followed by a sequence of etching and mask thinning steps. By using this fabrication process, it is possible
to create vertically asymmetric structures with a small and self-aligned electrode gap. This process, when
compared to previous references [130], [131], [132], [133], [134], [135], presents a simpler and cost-

effective process to achieve non-resonant torsional motion using a single-layer device.

This technique facilitates the precise patterning of perfectly aligned asymmetric structures, such as self-
aligned electrostatic combs, wherein each GS level corresponds to a different thickness to be patterned
on the silicon substrate. One noteworthy advantage of this technique is that it eliminates the need for
alignment between separate lithography steps, thereby minimizing misalignment sources that may arise
from the resolution of the system camera or the quality of alignment marks, among others. The use of a
multilevel hard mask enables the creation of multilevel structures self-aligned through a two-step silicon
bulk micromachining etch, which typically is extremely difficult to achieve when using other fabrication
methods, like several lithography steps or varied materials as masks. Grayscale lithography can be used
to generate discrete photoresist levels in the same layer, which can be combined with a sequential bulk

micromachining process to transfer this discrete mask onto the substrate.
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Grayscale lithography calibration

A preliminary GS lithography calibration process was developed to achieve the exposure curve (exposure
level vs final photoresist thickness) and to ensure the optimum laser intensity that would be needed during
the process. For that, a simple layout with 128 layers was designed, each layer representing a specific
exposure level (i.e., layer 1 — GS level 1, layer 2 — GS level 2, ...). For this calibration, an initial AZP4110
photoresist layer with a thickness of 2.2 um was used. After the exposure and respective photoresist
development, Figure 5-4, an inspection was performed using an optical microscope and the mechanical
profilometer system regarding the thickness of each layer. The calibration curve is shown in Figure 5-5

and presents over 80 grayscale levels in the linear region defined between thickness 2.2 um and 0 um.

DWL Grayscale exposure calibration
L Exposure energy of 20% > Exposure energy of 25%

GS Level

Focus

Figure 5-4 — Optical microscopic images of the grayscale calibration exposure for 20% and 25% energy.
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Figure 5-5 — Grayscale characterization curve, showing that at least 80 different GS levels are possible.
This technique facilitates the precise patterning of perfectly aligned multilevel structures, wherein each
GS level corresponds to a different thickness to be patterned on the silicon substrate. In the MEMS mirror
design, only three GS levels were used to define the asymmetric comb electrodes, which presented a
final resist thickness of O um (maximum level), 1.1 ym (medium level) and 2.2 um (null level), as depicted

in the topography measurement of Figure 5-6.
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Figure 5-6 — Mechanical profilometer scan of the photoresist thickness after GS lithography on the asymmetric electrodes.

GS exposure alignment with previous process steps

To analyse the success of the implementation of grayscale lithography in MEMS asymmetric structures,
experimental runs with a MEMS mirror preliminary design were conducted. Here, an initial metal layer
was patterned in a single-side polished (SSP) wafer with the electrical pads and alignment marks to
analyse the alignment conditions of grayscale lithography. Using the standard alignment conditions of the
DWL system, a large misalignment between the GS mask and the previously patterned metal layer was

obtained, as shown in Figure 5-7.

(U
1

Figure 5-7 — Optical microscopic image and measurements of the alignment between the grayscale lithography with previous
masks

This offset, while proving to be a systematic offset in GS lithography using the DWL 2000 from Heidelberg,
was characterized for the first time at INL in these experimental tests, as it marked the initial attempt at
aligned grayscale lithography. This misalignment can be effectively compensated prior to the grayscale

exposure, ensuring accurate alignment in future runs.
Multilevel pattern transfer and EKC Cleaning to remove passivation layer

With the target interelectrode gap aspect ratio of the MEMS mirror of 16.7 (on FS,
50 um-deep/3 um-wide), the difficulty of obtaining the multilevel topography in the silicon without

removing and damaging the GS photoresist mask increases, given the different etch rate of silicon and
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photoresist and the resulting selectivity during the etching process. To address this issue, sactificial

hard-mask layers were employed, and the multilevel pattern was transferred by a sequential RIE on the

SPTS APS system and photoresist thinning process.

The FS silicon patterning can be considered the most critical step of the micromachining process. The
target topography implies several inspections since the goal is to achieve the same silicon layer features
with 50 um of thickness, others with 20 um, and others where the silicon is completely removed,
reaching the BOX layer. Taking advantage of the high substrate-to-mask selectivity of the etching process,
a sequential iterative etching process is used to etch the FS silicon layer to different discrete depths in
the various regions defined by the multiple GS mask levels. An initial silicon etch step, through DRIE on
the SPTS Pegasus system, based on the etch time is performed, followed by a hard-mask thinning phase
by RIE on the SPTS APS system. At this point, an accurate final DRIE silicon etch step is performed to

thin down the exposed electrodes to a 20 um thickness.

This means that, in the current multilevel transfer process, after the first silicon etch step, the walls of the
asymmetric electrodes are covered with a passivation layer. In the second DRIE step, during the substrate
thinning, these organic residues from the first step can work as a mask and jeopardize the success of the
process and the performance of the final device. To address this problem, different cleaning processes
were experimentally analysed, from oxygen strip and plasma ashing to EKC processes cleaning, being
only the last one capable of demonstrating success in the removal of the remaining passivation layer.
Figure 5-8 displays SEM images of different experimental runs of the multilevel asymmetric electrodes

sequential DRIE process, with and without the organic residue cleaning process.

Multilevel asymmetric electrodes DRIE
L Without EKC cleaning With EKC cleaning

Figure 5-8 — Multilevel asymmetric electrodes SEM images after the sequential DRIE process, with and without the organic
residue cleaning process.

As can be observed in the left image, the thinned electrodes present a thin DRIE passivation wall that,

after some cycles of DRIE, can start to work as a mask to the following the silicon patterning. In this case,
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the edge of the thinned electrode does not present the desired thickness. Moreover, these walls can even
break during the etching process and form a bridge between the movable and the fixed electrodes,
constraining the removal of the silicon that is in the electrodes’ gap under the passivation wall, which will
result in the non-release of the movable structure of the MEMS mirror. The EKC cleaning process

successfully removes these residues, as shown in the right image, increasing the yield of the overall

MEMS process.

5.1.4 Back-side (BS) process optimization
The handle layer patterning was also subject to several experimental processes analysis and optimization.
BS MEMS mirror cavity

The BS MEMS cavity underneath the movable mirror structure is important to ensure the desired free
motion of the final device. Figure 5-9 presents optical microscopic images of the MEMS cavity process
on the non-polished BS of an SSP test wafer in order to mimic the final SOI process as closely as possible.
As observed, the granularity of the BS face makes it difficult to inspect this process optically; however,
this does not represent a problem in the MEMS process since a double-sided polished (DSP) SOI wafer

will be used.

The BS design was etched into the silicon layer by the DRIE process on the SPTS Pegasus system. This
process posed several challenges. One of them was the variation in the etch environment across different
parts of the layout. The larger regions, namely the cavities, exhibited a significantly higher etch rate
compared to the springs and trenches areas, where the etch rate decreased notably along the silicon
etch process. As a result, some areas reached the etch stopper much earlier than others, and in some
regions of the wafer, where the BOX layer presented some damage, the silicon device layer was even

etched from the bottom.

Figure 5-9 — Optical microscopic images of the BS mirror cavity process.
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Furthermore, the formation of needle-like structures, also known as “grass” or black silicon, was observed
in these large cavities, which is a critical issue during anisotropic etching of silicon using DRIE, as
illustrated in the SEM image in Figure 5-10.a. The formation of grass is caused by various micro-masks
on the silicon surface, which can appear, for example, by re-sputtering of the existing mask material. This
issue can be minimized by the uniformization of the layout trenches' size, thus ensuring a more uniform
etch environment across the wafer. For that, sacrificial grid-like structures can be designed in the large
cavities, as depicted in Figure 5-10.b, and afterwards removed at the end of the process by the HF vapour

process.

5

0 um ’ |

(b)

Figure 5-10 - Silicon grass SEM image of the MEMS mirror cavity (a) and on the sacrificial grid solution (b).

Handlle layer gap size and fast Silicon DRIE process optimization

In the 2D MEMS mirror design, the slow axis electrodes present high aspect ratio (1:20) features, e.g.
30 um width through the SOI 625 pm handle layer, and it is very challenging to fabricate them. A series
of tests were conducted in the manufacturing process in order to find the minimum gap/trench possible
on the back side, i.e., the minimum dimension where it is possible to etch the silicon entirely up to the
oxide barrier in the handle layer. In this layer, thin gaps are difficult to achieve since the total thickness

of this layer is large.

Ina 725 pum thick silicon dummy wafer, several lines with 10 pm to 40 um thickness were patterned.
The set that was able to remove the total silicon was 25 pm-width, so this is the minimum gap on the
back side established in the design of the device. However, the resulting structures may not exhibit high

gap uniformity depending on the depth.

Several studies have reported on the influence of the different DRIE process parameters on the etched
feature characteristics and quality of the process [164], evidencing trends in etch rate and sidewall angle

variation with bias power, chamber pressures, and trench widths [165] and the appearance of sidewall
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defects [166], notably relevant in deep silicon trenches. None of these studies have reported on the

variation of these process trends at wafer scale.

In order to evaluate different etch conditions, the sets of trenches ranging from 10 um to 500 um width
were repeated across the wafer, covering the whole wafer area (Figure 5-11.a), employing different DRIE
process parameters [167]. The wafers were diced across the trench sets, and each trench cross section
was imaged using an automatic optical inspection system setup, generating a large dataset of 143 images
per process condition. A computer vision algorithm was developed in partnership with the Laboratory of
Automation and Robotics from the University of Minho using the OpenCV library to process a large number
of cross-section images automatically and extract relevant features. In this analysis, the images are first
horizontally aligned, and the four trench corners are determined. The cavity contour points are linearly fit
to extract the average straight lines corresponding to the wafer surface, left and right sidewalls, and the
trench floor. The depth of the cavity is determined from the midpoint of the trench floor, and the sidewall
angles are measured from the cavity top to each side as in (Figure 5-11.b). An error metric is defined as

the deviation of the contour points to the linear fit, which increases in the presence of the wall defects.

Using this extracted data, a quantitative evaluation of the influence of different process parameters on
trench features was performed at a wafer scale. Sidewall angles tend to increase with trench width, with
improved variation across the wafer, for lower flow rates (Figure 5-12.a) but depend little on gas pressure
(Figure 5-12.b). The etch rate shows a strong dependence on the etching pressure, while the correlation
with the flow rate seems weak (Figure 5-12. c). Here, etch lag is observed as expected [168] but appears
to reduce for trench widths above 100 um. It was verified that wall defects are reduced for lower etch
pressures, although this comes at the cost of reduced etch rate. Instead, by decreasing the gas flow, it
was observed that both defects and uniformity were improved without a significant impact on the etch

rate.
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Figure 5-11 - (a) Representation of the mask used to define the trenches on the whole wafer area. (b) Acquired cross
sections of an example set of etched trenches with features extracted from trench cross sections using automatic computer
vision algorithm.
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Figure 5-12 — Wafer scale analysis of sidewall angle for different etch gas flow rates (a) and etching chamber pressures (b).
Etch rate trends for gas flow rate and etching chamber pressure variation (c).

The sidewall quality was improved, using a lower gas flow rate when etching deep electrostatic comb
actuators, allowing for better feature definition, production yield and device reliability. Figure 5-13 presents
examples of SEM images of different etching iterations with different DRIE process recipes for the MEMS

mirror BS layout.

(d)

Figure 5-13 — Back side DRIE etching tests with different recipes.

Variations in the recipes, such as temperature and pressure, among others, were considered between
iterations. As can be seen, the wall quality changes a lot with the small difference in the etching recipe,
and it also depends highly on the layout. For example, in (a), at certain depths, wall defects started to

appear, which propagated as the etching proceeded. Then, the required thinning of the back-side frame
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resulted in ion bombardment defects on the walls (b) and flaking (c). In the end, a DRIE recipe optimized
for the 2D MEMS mirror design with a high wall quality for the aspect ratio desired (relation between
electrode gaps and electrode thickness) was reached (d). SOls with thinner back sides (e) resulted in

further minimization of wall defects and improved finger quality for electrostatic operation.
Back-side multilevel mask with double lithography process

Since the BS multilevel mask does not present such critical features that must be perfectly aligned, it was
possible to implement the multilevel topography using two separate exposure steps. The second mask
level was created by two sequential lithographies instead of using grayscale lithography, following the

process flow presented in Figure 5-14.

I ———— N W = o=
(a) (b) (c) (d)

(e) (f) (8 (h)
Silicon M Silicon Oxide [ Photoresist
Figure 5-14 — Process flow of BS double lithography process to create multilevel mask without grayscale lithography.

The first mask (Figure 5-14.a-b) contains the areas where it is desired to remain with the full thickness of
silicon. This mask is then transferred to the silicon oxide layer, but only half of the SiO, thickness is
removed (Figure 5-14.c-d). The second mask (Figure 5-14.e-f) has the areas desired to have the entire
thickness and thinned thickness (patterned in the SiO, thinned areas). The exposed SiO, layer is then
again etched until the silicon surface (Figure 5-14.g-h). The optical microscopic images after the first
lithography and the second are presented in Figure 5-15. As seen in image (a), the patterned layout
presents the device frame and (b) the thicker device frame mask and the thinner mask with the BS

electrodes and inner axis frame.

(@) (b)
Figure 5-15 — OM images of BS double lithography process to create multilevel mask without grayscale lithography.
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5.2 MEMS Mirror micromachining process on SOI wafer

The devices under consideration were micromachined on a 200 mm 50 um-thick SOl wafer. The handle
layer was thinned to a 400 um-thickness by grinding techniques prior to the MEMS micromachining
process since the desired BS electrode features were not feasible to be fabricated with an initial handle
thickness of 650 um. Here, the INL's standard MEMS micromachining process was adapted and
optimized to manufacture the FS asymmetric electrodes and the BS mechanical frame. Figure 5-16
depicts the primary steps of the 2D MEMS mirror merged with a DOE micromachining process through

cross-sectional diagrams.

I B
(a) (b) (c)
N D
(d) (e) (f)
D B
(8) (h) (i)
N DN LR
(1) (k) (1)
M W B

(m) (n) (0)
B =1
[ | |
(p) (a) (r)

B Resist | Silicon [l BOX | Metal
Figure 5-16 — 2D MEMS mirror with DOE micromachining process steps.

The process consists of several steps, including: (a) SOl Wafer preparation; (b) DOEs lithography and FS
silicon etch; (c) Organic residues cleaning process; (d) Sputtering of a thin film of aluminium; (e)

Patterning of the metal layer; (f) FS SiO, layer deposition; (g) BS SiO, layer deposition; (h) BS grayscale
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lithography; (i) BS grayscale hard-mask patterning; (j) FS grayscale lithography; (k) FS grayscale
hard-mask patterning; (I) FS 1= DRIE; (m) FS SiO, hard-mask thinning; (n) FS 2~ DRIE, using the buried
oxide layer (BOX) as etch stopper; (o) BS 1st DRIE; (p) BS SiO, hard-mask thinning; (g) BS 2nd DRIE,
using the buried oxide layer (BOX) as etch stopper; (r) Structures release using Hydrogen Fluoride (HF)

vapour etching. The MEMS mirror's cross-sectional diagram is presented in Figure 5-17.

Electrical Mirror Surface with DOE Asymmetric
Contacts \ coated with Metal Electrodes

Thinned |Ax Frame

Figure 5-17 - Cross-section schematic of the 2D MEMS mirror with DOE structure.

___________

In the wafer's device layer, the mirror reflective surface, the inner and outer axes' torsional springs, and
the actuation asymmetric electrodes were micromachined. In the handle layer, the device's fixed frame
with a cavity to suspend the mirror, BS electrodes, and an inner axis movable frame were patterned. This
inner frame mechanically attaches the inner axis electrical routes and needs to be thinned to ensure the

free motion of the outer axis.

5.2.1 Wafer preparation

Since the MEMS mirror design presents active features in the device and handle layer, it is important to
process the two layers with a fine alignment between each other. Given that, initially, the alignment marks
(AM) of the FS were patterned and etched through a Slow Si Deep Reactive lon Etching (DRIE) process,
and the photoresist of the lithography was removed on the Plasma Asher system. Once the marks were
ready on the FS, it was necessary to undergo the same steps to add AM in the BS using the mask aligner

lithography system. Then, the BS AMs were patterned in the BS oxide layer by a RIE process.

5.2.2 DOE pattern and reflective layer

The patterning of the diffractive grating topography was directly executed on the device's active layer.
Initially, a thin layer of photoresist (PR) was coated and using the DWL lithography technique, the DOE
pattern was exposed onto the PR. After this step, the desired pattern is transferred to the silicon wafer
through a slow silicon etch recipe with the desired depth in the SPTS ICP tool. Finally, the wafer passes
through an organics cleaning step to remove the photoresist. The diffractive optical element pattern is

detailed in Figure 5-18, where the pitch desired for the grating presented the desired sizes. The final DOE
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depth achieved using the ICP system was 390.9 nm, with a non-uniformity of 16.1% along the wafer.
Then, a thin non-conformal layer (500 nm) of AISiCu was sputtered and patterned through a wet-etch
process on the wafer front-side to create the device electrical contacts, the mirror coating, and the FS

alignment marks, as can be observed in Figure 5-18.

Diffractive optical element patterning —> Metal layer Wet Etching & Cleaning

Photore5|st

Exposed metal

Cleaning & Metal layer deposition

Metal layer Lithography

Photoresist

Exposed metal

Figure 5-18 - Optical microscope images of the DOE and metal steps of the 2D MEMS mirror process.

5.2.3 Silicon oxide (SiO,) Hard-masks

A thick layer of silicon oxide (3 um of SiO,) was deposited on both sides of the SOI wafer by Plasma
Enhanced Chemical Vapor Deposition (PECVD) on the SPTS CVD system, Figure 5-16 (f) and (g). The SOI
wafer prior to the micromachining process already presents, from the manufacturer, a 2 um thermal SiO,
layer on the BS; this means that with the addition of a 3 um-thick layer, the handle hard-mask has a
thickness of 5 um. Besides serving as hard-mask, these layers also present a critical role in stress

compensation to adjust the wafer bow for the subsequent processes.

For the FS mirror design (mirror structure, springs, and electrodes), a multilevel mask with three different
thicknesses of photoresist was exposed as well as on the BS mirror design (inner thinned frame, outer

axis electrodes). Since the critical parts of the device are entailed in the device layer, the BS mask was
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the first to be patterned. In order to keep a uniform etch environment across the devices on the BS

process, a sacrificial grid was designed in the mirror cavity, ensuring the same trench size in this area.

The multilevel mask of the BS is achieved by a double lithography using a DWL binary exposure system,
Figure 5-19. By a sequential process consisting of mask exposure - SiO, RIE — PR removal, a hard-mask
layer with three different levels/thicknesses (5 um, 2.5 um, and O um) was achieved. Figure 5-20

presents optical microscopic images of the BS multilevel mask.

Figure 5-19 - Cross-section process flow of the BS hard-mask patterning of the 2D MEMS mirror.
Multilevel BS patterning

M Resist

[ silicon

M Box
(e) [ Metal

Using double
DWL binary lithography

Inner axis
Thinned Frame

BS Outer axis
elecetrades

Sacrificial grids

Figure 5-20 — Optical microscope images of the BS hard-mask of the 2D MEMS mirror process.
The FS multilevel masks can be achieved using DWL grayscale or through NIL lithography with a

previously developed master, Figure 5-21. The complex process of transferring the previously developed

multilevel photoresist mask to the SiO, layer was executed by a sequential process of silicon oxide etching
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using RIE and thinning of the photoresist mask through an O, plasma strip, resulting in a multilevel
topography on the hard-mask layer. This topography comprised three distinct levels with varying
thicknesses: 3 um, 1.5 um, and 0 um. It is important to note that each mask step height was intentionally
designed with an additional thickness to compensate for the mask material that would be removed during

the etching of the substrate material.

The sequential process of SiO, RIE and resist strip requires careful inspection through the overall process
in order to ensure that the oxide layer is completely removed from the electrode gaps without increasing
the gap size and still presents enough thinned mask for the following steps. Figure 5-22 presents optical

microscopic (OM) images of the FS multilevel masks.

M Resist

[ silicon

M BsOX
(e) [ Metal

Figure 5-21 - Cross-section process flow of the FS multilevel hard-mask patterning of the 2D MEMS mirror.
Multilevel FS patterning

3 Using grayscale DWL lithography
i B L I

L

5
) 0 A 2| Etching holes to
reduce damping
Inner axis Double
torsional springs

_ L]

Figure 5-22 - Optical microscope images of the FS multilevel hard-mask of the 2D MEMS mirror process.
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5.2.4 Structure Etching

It is essential to etch the structures on the FS first and only after those, the ones on the BS. This order is
due to the etch stopper, which is the oxide layer between the active and the handle layers, and it is crucial
that the oxide layer is intact for the most sensitive and small structures, like springs or electrodes. A
particularity of the design of the masks was the etch environment of the process, i.e., the masks were
designed to ensure uniformity in the silicon etching during fabrication. This is expected if there are no
significant differences in the size of the various gaps in the device layout. Therefore, in the FS, the gaps
are within the range of 2.8 um and 50 um and in the BS between 35 um and 80 um. The FS silicon
target topography presents areas with 50 um of thickness, others with 30 um, and others where the
silicon is completely removed, reaching the BOX layer, as presented in the schematic of Figure 5-23. If
this final condition is not perfectly performed, the overall performance of the device is compromised since
the actuation electrodes can be electrically and mechanically connected. The BS etch is important as well
since the mirror’s inner frame must be thinned to 200 um of thickness, while the cavity below the mirror

has to be removed for it to be free to move. The structure etching process followed these next steps:

e The etching of the FS structures using the SPTS Pegasus and APS systems;

e Thermal tape application in the FS to protect the structures already etched on this side;

e BS structures etching, also using the SPTS Pegasus and APS systems;

e 5Finally, FS thermal tape removal and cleaning of the residues left on the wafer from the etching

process and thermal tape through an O, cleaning.
Device layer

A sequential iterative etching process was used to etch the FS silicon layer to different discrete depths in
the various regions defined by the multiple GS mask levels. The exposed substrate was etched, in different
steps, through DRIE on the SPTS Pegasus system, based on the etch time, Figure 5-23.b. Each substrate
etching step is followed by a SiO,hard-mask thinning process, performed by RIE on the SPTS APS system,
to expose the substrate in the next GS region (Figure 5-23.c), enabling further etching of the substrate.
Then, an EKC cleaning process of the organic residues resulting from the DRIE process was performed
since this, during the substrate thinning, can become a mask and pattern the silicon, as detailed in the

preliminary studies sub-section.

In the first etching step, a depth of 40 um is defined in the substrate, creating the necessary depth ratio

that allows the next etch process to achieve the desired substrate topography. The SiO, mask on top of
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the thinner electrodes is then removed, exposing the substrate in these regions. Subsequently, during the
second etching process, the exposed substrate is etched, resulting in a 30 um thickness in the electrodes,
while in the previously partially etched regions, the BOX (buried oxide) is reached, decoupling the movable
of the fixed asymmetric electrodes. Figure 5-24 presents the evolution from the multilevel SiO, hard-mask

to the asymmetric silicon structures, where the two silicon levels are easily identified.

B I , | o P . N . - B I o N o P . 0 . - W e B PTTTTTTE N

I LN | I — - I - .
(a) (b) (c)
L ...l L .. Silicon
M sox
—— - —— - Metal

|

Figure 5-24 - Optical microscope images of the FS multilevel transfer of the 2D MEMS mirror process.
As can be seen in Figure 5-24.b, the gaps between electrodes are entirely aligned, i.e., the gaps are equal
on both sides of the electrodes. This is a crucial feature in this type of actuator since the electrostatic

forces in the plane must be in equilibrium. Figure 5-25 presents SEM images of the fabricated actuators.

Figure 5-25 — SEM images of the asymmetric electrodes.
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Handle layer

The BS was also etched with a sequential iterative etching process, using a thermal tape to protect the
already patterned structures of the device layer, as detailed in Figure 5-26. As shown in Figure 5-27, in
this layer, the thinned inner axis frame, the outer axis fixed electrodes, and the mirror cavities are
patterned to allow the free movement of the mirror. The DRIE process used in this step was much more
aggressive than the one used for the device layer in order to minimize process time and costs, and it was

optimized to increase the handle walls' quality.

H EpE=— 1 FTTTTTT™ B Y E EppEms—- B FTTreTTTE 8 M B B & FrrTrrTrrs B e

(a) (b) (c)

g B FTTTYrTEI N E Egpeae— § FeTETCTI B P Silicon

M BOX

. ] — Metal
(d) (e)

Figure 5-26 — Cross-section process flow of the BS multilevel transfer to the handle layer of the 2D MEMS mirror.
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Figure 5-27 — Optical microscope images of the BS multilevel transfer of the 2D MEMS mirror process.

5.2.5 Structure release

The phase of structural release involves the deliberate removal of the exposed BOX, which is
accomplished using the SPTS Primaxx — HF Vapour Etcher. This step is specifically designed to achieve
isotropic etching of the sacrificial layers of silicon oxide. By employing a combination of steam Anhydrous
hydrogen fluoride (HF), and alcohol vapour, the silicon oxide that has been exposed is successfully
eliminated from the structure. Importantly, this dry process effectively prevents unwanted stiction of

released moving parts or potential damage to delicate structures.
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During the HF process, the patterned wafer is positioned over a dummy wafer, with four supports placed
along the edges to ensure a reasonable distance between the two wafers. This approach guarantees that
when the structures are suspended by the springs, they do not adhere to the dummy wafer. Typically, in
the manufacturing process, MEMS structures are separated by dicing, which, unfortunately, results in the
breaking of several delicate devices. However, these particular devices have distinct features that enable

their separation.

To achieve this, a dicing-free [129] trench with a width of 50 pm was incorporated around the sensor in
the BS mask. Similarly, the FS mask also had a trench with the same width overlaid on the BS, with
supports on each corner measuring approximately 1 mm x 1 mm, complete with etching holes. These
supports are designed to ensure that during the HF process when the oxide between the device layer (on
the brackets) and the handle layer is removed, the die falls and is suspended by the four supports.

Consequently, the device becomes independent of the wafer, making the dicing step unnecessary.

The trenches have been designed by outlining two rectangular shapes in both layers. As a result of the
oxide removal process, the interior of these rectangles and the sacrificial grids become free and fall down,
creating two holes outside the structure and revealing the mirror cavity. These two openings allow the
sensor to be extracted from the wafer with the use of tweezers. Figure 5-28 displays the completed wafer,

featuring the aforementioned tweezer holes.

HF vapour etch (undercut = 10 pm)
L Dicing-free release

Figure 5-28 — Released devices suspended on DOI wafers frame.

5.2.6 Fabricated 2D MEMS mirrors with DOEs

Figure 5-29 shows SEM images of the fabricated devices, presented in the previous sub-sections (an

overall device image, a zoom image in the mirror spring of the fast and slow axis). The mechanical
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characterization of the fabricated devices was performed to ensure that all the designed features meet

the fabrication specifications.

HY det H x: -8.4 mm tilt
3.00kv | ETD 31) | 58mm | 407 mm | y:-1.9907 mm | 35°

7 — m

1ML 300KV | ETD

Figure 5-29 — SEM images of the fabricated 2D MEMS mirror device.

The gaps between the two electrodes are perfectly aligned, i.e., the gaps are equal on both sides of the
electrodes. This is a crucial feature in electrostatic actuation since when an actuation voltage is applied,
the in-plane electrostatic forces must be in equilibrium, and only the out-of-plane force should induce the

torsional motion of the mirror. It can also be noticed that the gap of 3 um was over-etched, resulting in a
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gap of 3.5 um in the fabricated devices. This over-etch of the trenches with respect to the mask is
correlated with the GS exposure, DRIE processes and geometry/depth-dependent and was accounted for
in order to not compromise the performance of the mirror. All the other mechanical features, such as
spring dimensions and mirror area, are within the design specifications, with variations below 4 % and

0.08 %, respectively. The two silicon levels are easily identified in both Figure 5-29.b.

The fabricated devices presented the desirable features, proving that this novel technique of using a
multilevel bulk micromachining process is an excellent and reproducible technique. It also proves to be
an effective way to create robust multilevel structures with a reduced fabrication process. The DOE pattern

on top of the MEMS mirror surface is highlighted in Figure 5-30.

(b)

Figure 5-30 - SEM images of the Dammann grating entailed in the reflective surface of the 2D MEMS mirror.

5.2.7 Process simplification for 1D MEMS mirror

A 1D MEMS mirror, with the explicit aim of experimentally validating the theoretical mechanical models,
was also micromachined, serving as a preliminary step prior to the realization of a 2D MEMS mirror. For
this reason, it does not present the implementation of the diffractive optical element integrated into its
reflective surface. Additionally, the micromachining process was thoroughly optimized using these
devices, being used as the base for the nanoimprint lithography developments, which are further
explained. This sub-section provides comprehensive details of the 1D MEMS mirror micromachining
process. These devices were fabricated in a 200 mm SOl wafer with a device layer 50 pum-thick. In Figure
5-31, the main steps and cross-sectional views of the MEMS mirrors' micromachining process are
depicted. These consist of: (a) SOl Wafer preparation; (b) Sputtering and patterning of a thin film of
aluminium; (c) FS and BS SiO, hard-mask layer deposition; (d) BS hard-mask patterning; (e) FS grayscale
lithography; (f) FS grayscale hard-mask patterning; (g) FS 1« DRIE; (h) multilevel mask thinning; (i) FS 2~
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DRIE, using the buried oxide layer (BOX) as etch stopper; (j) BS DRIE, using the BOX as etch stopper; (k)

Structures release using Hydrogen Fluoride (HF) vapour etching.

(a) (b) (c) (d)

P ——r P [ — ], P P [ — ], L N

() (f) (8 (h)
(i) (1) (k)
B Resist Silicon [l BOX Metal

Figure 5-31 — 1D MEMS mirror micromachining process steps.

In Figure 5-32, the SEM images of the final fabricated 1D mirror design presented previously (an overall
device image, a zoom image in the mirror spring, and the electrodes) are shown. The fabricated devices
presented the desirable features, proving that this novel technique of using a multilevel bulk
micromachining process is a reproducible technique. Besides, it also proves to be an effective way to
create robust multilevel structures with a reduced fabrication process since it requires fewer lithography

exposure steps [116]

5.3 Packaging

After the release from the devices' manufacturing, these were mounted in a customized package solution
that can be used as a THT (Through Hole Technology) or SMT (Surface Mount Technology) component
in the final product. With this package, it is possible to access the mirror BS and use that to help the
optical characterization. Figure 5-33 presents a micromirror mounted and bonded micromirror on the

customized packaging.
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Figure 5-33 - Packaged MEMS mirror in a customized packaged solution.
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5.4 Nanoimprint Lithography (NIL)

Grayscale lithography presents several advantages in MEMS processes. However, this can take several
hours to expose. To expose a full 200 mm-wafer, 40 hours of the Heidelberg DWL 2000 system were
necessary, translating to almost two days. In order to increase the throughput and reduce overall costs,

nanoimprint lithography (NIL) was employed to replicate the multilevel mask at a 200 mm wafer scale.

5.4.1 Master

The nanoimprint silicon master contains the same multilevel pattern to be positively replicated onto the
FS of the MEMS mirror. The master was micromachined by combining GS lithography and silicon RIE
onto a single-side polished (SSP) wafer, as depicted in Figure 5-34. Here, a thin AZP4110 (from
Microresist) photoresist layer with a thickness of 2.2 um was uniformly coated onto the wafer surface.
The photoresist layer was subsequently GS exposed with the MEMS mirror and asymmetric comb
electrodes pattern, which presented a final thickness after the development of 0 um (maximum GS level),

1.1 um (medium GS level) and 2.2 um (null level).

(a) (b) (c) (d)
Silicon M SiO, [ Resist

Figure 5-34 — Multilevel silicon master micromachining process main steps, where (a) SiO, CVD; (b) photoresist spin coating;
(c) grayscale lithography; (d) pattern transpose by a sequential RIE/Q. strip to the had-mask layer.

Following the same process used for the MEMS mirror fabrication, the multilevel photoresist mask
previously developed was then transferred to the SiO, layer through a sequential RIE/O:. plasma strip

process.

5.4.2 Intermediate working stamp

The proposed NIL process uses an intermediate working stamp with the negative replica of the master
structures. After the successful fabrication of the master, the subsequent phase involved the creation of
an intermediate working stamp, which is a negative replica of the master, illustrated in Figure 5-35. For
this purpose, UV curing NIL, using the Eitre® 8 system from Obducat, was employed. First, a fluorinated
anti-sticking layer was deposited on the master surface (Figure 5-35.a). Then, OrmoStamp was dispensed
into the centre of the silicon master (Figure 5-35.b). A 200 mm transparent glass wafer was used as the

substrate for the intermediate stamp and prepared through a series of steps, including O, plasma
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treatment, followed by the deposition of an adhesion promoter OrmoPrime08 (Micro resist Technology)
(Figure 5-35.b). This glass substrate with the adhesion promotor was brought into contact with the
OrmoStamp while avoiding any air bubble to remain trapped in the viscous liquid (Figure 5-35.c). The
glass wafer coated with the adhesion promoter is then manually stacked on the master with the
OrmoStamp. The stamp was moulded at room temperature, T = 21 °C, (Figure 5-35.d) following the
recipe depicted in Table 5-7. The negative replica was demoulded from the master and underwent a

hardbake step at 130 °C for 10 min (Figure 5-35.¢e).

(a) (b) (c)

(d) (e)

Si . Sio, Glass Anti-sticking Layer OrmoPrime08 OrmoStamp

Figure 5-35 - Intermediate working stamp micromachining process main steps: (a) Master anti-sticking treatment; (b)
OrmoStamp disposal onto the Si master; (c) placing the glass substrate with adhesion promotor OrmoPrime08 on top of
OrmoStamp; (d) OrmoStamp moulding and curing; and (e) Demolding.

Table 5-7 — Working stamp NIL recipe.

Step Temp (°C) Pressure (bar) Time (sec) uv
Master filling 21 5 600 Off
Curing 21 5 35 On

Intermediate working stamp quality

In order to provide a closer examination of the intermediate working stamp, scanning electron microscopy
(SEM) was performed, enabled by a 10 nm thickness gold layer deposited on it. The resulting images

(Figure 5-36) show the negative of the expected MEMS mirror features.

Target PR thickness

Figure 5-36 — SEM images of the intermediate working stamp (with 10 nm-Au coating).

The specific layout details, as well as the three distinct levels of the replicated microstructures on the

stamp, can be observed. The features' edges present a high-quality vertical wall. Some roughness on the
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etched low-levelled silicon can be observed due to the gold layer granularity, but it did not have an impact

on the NIL replica and subsequent micromirror performance.

Mechanical profilometry (P-16+, KLA Tencor) measurements were performed to assess the surface
topography more accurately and provide quantitative data on the height variations across the intermediate
working stamp (Figure 5-37). The measurements obtained using the mechanical profilometer clearly
demonstrated the presence of distinct levels and provided valuable insights into the three-dimensional
characteristics of the replicated microstructures, showing a perfect match between the dimensions of the

main master and the intermediate stamp.

(a) Master after GS lithography (b)  SiO, master hard-mask (c)  Multilevel working stamp
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Figure 5-37 — OM images and profilometer data of the master, upon the GS lithography and the multilevel pattern and of the
working stamp.

5.4.3 Replica

The final device was replicated from the intermediate working stamp to a silicon wafer with a layer of SiO,
(hard-mask layer) coated with a thin layer of mr-NIL6003 (Micro resist Technologies) by means of a
simultaneous thermal and UV-curing NIL process. The use of a simultaneous thermal and UV-curing resist
allows an isothermal imprint process using both heating at moderate temperatures and UV exposure on
a UV-curable thermoplastic resist, avoiding issues related to thermal expansion differences and polymer

deformation that may arise at higher temperatures [169].

Prior to the NIL process, the intermediate stamp was also coated with a fluorinated anti-sticking layer.

The replication process follows the process flow depicted in Figure 5-38. Once again, the stack composed
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of the Si wafer with a SiO, layer and resist (Figure 5-38.a), and the intermediate stamp was manually

prepared.

Then, the NIL process started with the stack being pre-heated, and after that, the imprinting pressure was
applied. The implementation of higher temperature (around 65 degrees) and pressure values (up to 15
bar) during a certain time interval ensures that the coated resist viscosity decreases, decreasing flow
resistance and filling the intermediate stamp topography prior to the curing step. After exposure to incident
UV light, the resist was cured. Finally, the stamp and the replica were again separated immediately after

the NIL process.

(a) (b) (c) (d)

Silicon [ SiO, M Resist ~ Glass =~ OrmoStamp

Figure 5-38 — Multilevel replica micromachining process main steps, where (a) photoresist spin coating; (b) stacking of
replica wafer and stamp; (c) Stamp filling and curing (d) Separation.

For optimization of the fabrication process, three different replicas, denoted as A, B and C, were imprinted
in order to access the different variables of the replication process and the resultant impact of each on
the final replica. The parameters studied were the initial thickness of the resist layer (Table 5-8) and the

temperature, time, and pressure (Table 5-9) of the process in the Eitre® 8 system.

Table 5-8 — Photoresist initial thickness of the replicas

Replica Thickness NU.
A
B 2594 £ 12.9 nm 1.59%
C 3073 £ 16.6 nm 0.97%

Table 5-9 — NIL replication parameters of the different replicas.

Step Replica Temp, °C Pressure, bar Time, sec uv
Filling A 65 10 300
B 70 10 300 Off
C 70 10 300
A 65 15 300
B 70 15 1500 off
C 70 15 1500
Curing A 65 15 60
B 70 15 60 On
C 70 15 60
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Replica quality and Residual Layer

The replica quality depends on the NIL process parameters, such as imprinting temperature, pressure,
and filling time, in order to fill the cavities of the stamp uniformly. These process steps (resist curing and
demolding) required special handling so as not to deform and/or break the resulting structures. After the
NIL process, it is essential to characterize the quality, which is related with the imprinting and demolding
steps, and the residual layer of the replicas. The resist’s residual layer was characterized because the
resist will be used as a mask to etch the MEMS hard-mask. This residual layer is a common occurrence
after the NIL processes and can have a significant impact on the quality and accuracy of replicated
patterns, such as pattern distortion or incomplete pattern transfer. The residual layer thickness can be
influenced by various factors, such as initial resist thickness or bending of the mould, that can be related

to the design of the patterns, the material and the thickness of the mould [170], [171], [172].

In order to optimize the NIL process, three different initial resist layer thicknesses were studied. For replica
A, an initial thickness of resist of 2594 + 12.9 nm was used (measured with the NanoCalc-XR system),
and the NIL process occurred at 65 °C and 15 bar, with resist filling the wafer topography for 10 minutes.
On the other hand, Replica B used the same initial resist thickness and process conditions, except the
value of NIL temperature, which was increased to 70 °C. Replica C followed the same recipe as B, but

the initial resist thickness was increased to 3073 + 16.6 nm.

Figure 5-39 presents optical images of the three microfabricated replicas after the nanoimprint process.
As can be observed, replica A did not successfully replicate the stamp topography, and voids were

observed in the resist coating.
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Figure 5-39 — Optical microscopic images of the NIL replicas microfabricated.

With the increase of the imprint temperature, replica B showed better results with fewer voids. However,
it still did not present the desired yield, and in the critical parts of the MEMS devices, such as springs,
and electrodes, some voids appeared, indicating insuficient initial resist thickness. For replica C, the initial
thickness of the resist layer was increased to the value of the stamp topography (3000 nm). After the NIL
process (70 °C, 15 bar for 25 min), this replica did not present any voids and the desired topography

Chapter Micromachining process 155



1
~-
MEMS SCANNERS WITH DIFFRACTIVE OPTICAL ELEMENTS FOR LIDAR APPLICATIONS i O

was successfully achieved. The maximum process time required per replica was approximately 40

minutes, 60 times faster then GS process.

The residual layers of the three replicas were measured using the mechanical profilometer. For that
purpose, a scratch was made in each replica with a blade to remove the resist and enable the
measurement of the step in resist thickness from the silicon wafer to the residual layer. The scratch was
intentionally located in the vertical asymmetric electrodes, as shown in Figure 5-40 since it is the region
with the multilevel topography. Replica A presented a residual layer of 157+87 nm, B of 103+58 nm,
and C of 553+25 nm (measured by mechanical profilometry). The residual layer of replica C was
considerably higher. However, the multilevel topography was defined to accommodate the removal of this

layer without compromising the dimensions of the final structures.
A process based on O, plasma was employed to remove this thin residual layer in the areas expected to
have exposed substrate without compromising the multilevel topography along the wafer.
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(a) After NIL (b) After 80sec of O,strip (c) After 90sec of O,strip

Figure 5-40 — Optical microscopic images of the MEMS mirror pattern during the removal of the residual Layer.

5.4.4 Replication with alignment

After the optimization of the replication process, the conditions used for Replica C were employed to
perform the NIL process on MEMS mirrors. Prior to the NIL process for the multilevel patterning, the
target device substrate contains a micromachined surface; at this point, the metal layer for the reflective
coating and electrical contacts have been patterned, and the hard-mask layers were deposited by CVD
on both sides of the SOI wafer. This means that the multilevel lithography is the second lithography to be
patterned in the MEMS FS process, which means that an alignment has to be performed. The device
layout was designed to accommodate a maximum misalignment between lithographies of 20 um in x

and y axis. If a misalignment higher than this value is obtained, the final structure will not work.

In order to achieve precise alignment during the stacking process of the Si wafer and the stamp, an x, y,
z, and rotational stage is employed to hold the stamp. By utilizing two high-precision cameras, the

alignment marks patterned on both the wafer and the stamp are carefully observed, and the stamp’s
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position is adjusted to ensure the proper alignment of the marks. Given the weight of the fabricated
working stamp, a new stamp holder was then designed, 3D printed in SLA, and employed in the Eitre 8
system, where a goniometer and external vacuum line were implemented. The goniometer was used to
adjust the tilt of the stamp (Figure 5-41). Furthermore, the vacuum line to ensure the necessary holding
force. With this system, it was possible to align the stamp to the previous lithography in the replica wafer,

with a misalignment of 5 um and 10 um in the x and y direction, respectively. Figure 5-42 presents

optical microscopic images of the NIL replica aligned by the developed system.

malignmentstage

External Vacuum

Stamp

Replica wafer

Figure 5-42 — OM of the replica with alignment with the metal layer.

Replica fidelity of the aligned device

In order to assess the match of the replicated topography with respect to the original GS pattern (Figure
5-43), an examination was conducted on the replica, including the resist thickness of the multilevel pattern
and the dimensions of the critical features of the MEMS devices, such as gap sizes and springs width.
Both the master and the intermediate working stamp underwent the same analysis to evaluate their
consistency with the final replica in terms of the aforementioned features. This inspection was carried out
at multiple points across the 200 mm wafer, aiming to validate the uniformity and yield of the multilevel

NIL process.
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Table 5-10 summarizes the results of this inspection, presenting the deviation of the gap dimensions of
the master, stamp, and replica. As can be observed, the final replica presented an excellent agreement
with the desired design with less than 200 nm feature width variation of the replica with respect to the
master, demonstrating the success of the proposed process for multilevel MEMS devices. Moreover, since
this variation results from the residual layer removal (isotropic etching), it is possible to predict and
compensate the gap dimensions on the initial layout design. Furthermore, a comparative analysis was
conducted on the thickness of the two resist levels post-GS lithography and NIL replication and residual
layer removal. As presented in Table 5-10, larger final thicknesses were observed in the replica, which is
advantageous as it provides an enhanced margin for the efficient transfer of the multilevel pattern onto

the hard-mask layer.

NIL Multilevel Master > Final replica with alignment
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Figure 5-43 — Match between master and replica pattern.

Table 5-10 — Comparison of the electrode gap size of the master, stamp and final replica.

Feature Master Replica

3.52 pm 3.66 pm
Electrode Gap n.u. = 3.69% n.u. = 3.93%

. , 9.73 um 9.41 um
Springs Width n.u. = 2.62% n.u. = 3.66%

Level Multilevel mask thickness  Replica PR thickness

Thinned Level 1.38 um 1.53 pm
Thick level 2.3 um 2.83 pm

5.5 Conclusions

In this chapter, the required adaptations, and optimizations to the standard 3-mask SOI-based fabrication
process at INL have been detailed. Preliminary tests were conducted to assess the limitations and

constraints of various process steps. These tests included an experimental analysis of the reflective
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coating, which was found to be effective for the intended application. The patterning of the DOE was also
examined, where different lithography and etching techniques were evaluated to ensure successful
transposition of the minimum grating feature of 1.4 um onto the silicon layer. Additionally, the multilevel
process was refined using grayscale lithography, enabling the creation of self-aligned asymmetric

electrodes for mirror actuation.

The EKC cleaning process was incorporated into the multilevel sequential process to remove the
passivation layer on the electrode gap walls deposited during the DRIE step, thus preventing these organic
walls from acting as a mask in the subsequent silicon etching step. The BS multilevel topography was
also optimized using a sequential lithography process, and sacrificial grids were implemented in the mirror

BS cavity to prevent silicon grass or over-etching on the BS layer, ensuring a uniform etch environment.

The 2D MEMS mirrors with an integrated Dammann DOE into the reflective surface were successfully
fabricated on a 50 pum -thick 200 mm DSP SOI wafer with a handle layer of 400 um, demonstrating the
success of the novel fabrication process implemented in this thesis, using grayscale lithography to create
different levels in a single layer in a single lithography step. A process simplification was also tested for a

1D MEMS mirror design.

Grayscale lithography offers several advantages in MEMS processes but can take several hours for
exposure. To expose a full 200 mm wafer, 40 hours were required on the Heidelberg DWL 2000 system,
amounting to almost two days. Nanoimprint lithography was employed to replicate the multilevel mask at
a 200 mm wafer scale to increase throughput and reduce overall costs. A multilevel master with the
mirror design was fabricated, and using a glass substrate and ORMOcomp, a negative stamp was created
as an imprint. With this mould, different replicas were made under varying temperature, pressure, and

time conditions, and an optimal combination was achieved to successfully replicate the initial pattern.
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6. Experimental Characterization

The 2D MEMS mirror developed in this thesis uses asymmetric capacitive MEMS structures that are

electrostatically actuated to induce an out-of-plane torque, tilting the reflective surface to the desired angle
and consequently steering the incident laser beam. Given the DOE implemented in the MEMS mirror
surface, the reflective beam is diffracted into five linearly arranged and equidistance spots, dividing the

target FoV into five smaller ones in the vertical angle.

In this chapter, the experimental tests performed on the fabricated mirrors are detailed. These tests aim
to characterize the microstructure performance, mechanical and optical, and conclude if the innovations

implemented on the device are capable of achieving the targeted performance.

6.1 Experimental setups development

For the MEMS structure experimental tests, different setups were used to validate several aspects of the
device's performance. The Polytec MSA-500 system was used. This system combines three measuring
technigues into one system, allowing a complete characterization of MEMS devices without moving the
device under test (DUT) to another test station. In this system, it is possible to perform static
characterization of the topography by scanning white-light interferometry, appropriate for rough and

smooth surfaces; realtime dynamic characterization of “out-of-plane” vibrations by laser-Doppler
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vibrometry at frequencies up to 24 MHz with a displacement resolution in the picometer range; and
dynamic characterization of “in-plane” movements by stroboscopic video microscopy up to 1 MHz with a
displacement resolution in the nanometer range. In the MEMS characterization, only the topography and

the out-plane vibrations measurement systems were used.

A dedicated optical FoV experimental setup where the incident angle is approximately 0° was

implemented in order to validate the optical deflection performance without any optical distortion.

6.1.1 Surface Metrology

When designing or fabricating microsystems, structured functional surfaces require precise topography
verification to assure quality and deviation from theoretical design. Due to its spatial resolution in both in-
plane and out-of-plane directions, the Micro System Analyzer's topography measurement unit of the

Polytec MSA-500 system is ideally suited for the 3-D profile analysis of microstructures.
Principle of operation

When two monochromatic, coherent light sources are merged, their phases determine whether they
produce constructive or destructive interference. To verify the superposition of light waves and the

resulting interference, a Michelson interferometer is used, Figure 6-1.
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Figure 6-1 — Surface metrology setup, using Polytec MSA-500 topography measurement systems (TMS).

This device splits light into two beams using a beam splitter, directing one toward a reference surface
and the other towards the surface of the studied object. Light is reflected from both surfaces, causing
constructive or destructive interference depending on the path length differences, which can be detected
by a camera. If the device’s surface is not joined or has large steps, the order number of fringes is lost,
creating ambiguity. However, using a broadband “white light” source can overcome these obstacles.

Interference only occurs within a small range and has the shape of a correlogram. By analysing
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correlograms after moving the reference mirror, an accurate topographical representation of the surface

can be reconstructed.

In a few words, an x-y-z mapping can be generated by shifting an interference objective with nanometer
precision with respect to the samples. The interference microscope images both the specimen and
reference flat on the camera, thus detecting the interference pattern. Given this, a rapid, non-contact
topography measurement is extracted, which can be shown in 2-D or 3-D view and where it is possible to
determine key parameters, such as flatness, parallelism, curvatures, heights, and roughness, among

others.

6.1.2 Scanning laser-Doppler vibrometer setup

Scanning laser-Doppler vibrometry allows non-contact measurements in real time to characterise out-of-
plane vibrational behaviour and determine the vibration velocity and displacement at any sample point.
The Polytec MSA-500 system’s unique features include the ability to acquire data with picometer
displacement resolution, capture frequency response up to 24 MHz, and analyse non-ideal or non-linear
systems. In this setup, the devices can be characterized in normal atmospheric or vacuum conditions
under the Polytec MSA-500 interferometer, which is able to measure vertical deformation synchronized
with an actuation signal, as depicted in the schematic of Figure 6-2. An internal generator using Polytec
software control provides a calibrated vibration excitation of the MEMS device. The internal generator
allows excitations with an arbitrary waveform and with a wide range of different excitation patterns. This
actuation signal from the Polytec system can be amplified from O to 200V for both fast and slow axis

actuation by an external high-voltage ampilifier.
Principle of operation

The laser-Doppler vibrometer is a precision optical transducer for determining the vibration velocity and
displacement at a measurement position. It works by sensing the frequency shift of backscattered light
from a moving surface. The object scatters or reflects light from the laser beam, and the Doppler

frequency shift is used to measure the component of velocity which lies along the axis of the laser beam.

For the fast axis characterization, the approximate 600 um x 800 um aperture of the Polytec system
allows the capture of deformation around the axis of rotation of the mirror and compares this deformation
with points in the static frame, as presented in Figure 6-3.a. The mechanical deformation is calculated
as the angle formed by the height difference between any two points along the same vertical line on the

mirror, knowing their distance. For statistical purposes, all the points are compared with the remaining
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ones for multiple actuation periods to get a mean value and standard deviation error. One crucial aspect
to consider in the fast axis is that some measurement clipping occurs at large deformations. As the
interferometer beam is incident on the mirror, it is reflected. For low deformations, the reflected signal is
still captured by the interferometer system, although attenuated, and is able to measure the deformation.
However, for large displacements (above approximately 10° mechanical deformation or 20° optical field

of view), the reflected signal does not reach the interferometer, which either saturates, clips the signal,

or provides an erroneous measurement.

Polytec MSA-500
Camera Scanning laser-Doppler
vibrometry
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Figure 6-2 — Out-of-plane displacement setup, using Polytec MSA-500 topography measurement systems (TMS).

Reference

Displacement

For the outer axis characterization, the aperture of the Polytec system limits the observable region to a
small section at the edge of the inner frame, which is rotated by the slow axis actuation. However, the
axis of rotation is not observed together with a static region, Figure 6-3.b. When the mirror is actuated to
the right, the vertical position of the measured points decreases, and when it is actuated to the left, the
vertical position increases. Again, similarly to the fast axis measurements, the mechanical deformation is
calculated by the height difference formed by any two points along the same horizontal line. For statistical

purposes, all points are compared with the other ones to obtain a mean value and standard deviation.
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Figure 6-3 — Measurement points for the (a) fast and (b) slow axis characterization.
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6.1.3 Large optical FoV setup (with 8; = 0°) for visible laser wavelength

For larger out-of-plane displacements, i.e., larger field of views, the Polytec laser scanner vibrometer is
not capable of measuring it since the mirror deflects the measuring laser beam to a position outside of
its range. For this reason, a dedicated optical field of view experimental setup was implemented based
on a laser as a light source and a fixed target. With this new setup, it was possible to measure larger
angles and test another type of actuation. Here, the laser source was positioned strategically to have an
incident angle of approximately 0° in order to characterize the mirror deflection without any optical

distortion.

As can be seen in Figure 6-4, the laser source is placed behind the angular target, and the laser beam
passes through the small hole entailed in the target until it reaches the MEMS mirror reflective surface.
To ensure a fine alignment between the beam and the reflective surface, the MEMS device board is
attached to an XYZ linear high-precision stage from Thorlabs. When the mirror is actuated, the reflected
beams are projected into the angular target. Here, the origin of the angular target must be aligned with

the MEMS device.

Angular Target
Angular Target
) Laser Scurce s g
vz = — Laser Source
Stage ||5] X-y-2

[MEMS]

TOP VIEW

SIDE VIEW

Figure 6-4 — Large Optical FoV experimental setup schematic and images.

6.1.4 NIR optical FoV setup (with configurable 6;) for 1550 nm laser
wavelength

The following setup was used to experimentally characterize the MEMS and DOE performance for the

target wavelength, 1550 nm. Here, a 1 mW collimated laser beam at A=1550 nm (Thorlabs MCLS1) was

attached to a rotational structure to change the static incident angle, 6;, and is incident on the MEMS
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reflective surface. The reflected pattern is measured by a negatively biased InGaAs photodiode (Thorlabs
FGAO15) with a scanning diameter of @150 um. This photodiode is connected to an XYZ linear stage
(Thorlabs DDS220) in order to scan the large area of the projected FoV. The optical signal current is
amplified using a trans-impedance amplifier (FEMTO DLPCA-200), which is acquired by a data acquisition
system (Measurement Computing DT9836) together with the encoded stage positions. Figure 6-5

presents a schematic and photo of the NIR FoV experimental setup.

A control software was developed that was able to define the number of points per mm of stage
displacement (spatial resolution), stage speed, and trajectory along the X and Y directions. The scanning
area is user-definable, and the height of the scanning head is controlled by the software using a motorized

lab jack assembled under the XY stages.

MEMS angular stage

Rotational stages

FoV normal to

Laser angular stage
photodiode plane & &

Stage x-y-z Photodiode

Figure 6-5 — NIR optical FoV experimental setup schematic and image.

The MEMS device plan angle is always calibrated to have a normal projection to the XYZ linear stage

(photodiode plan) to minimize the influence of photodiode sensitivity on the measurements (Figure 6-6).

MEMS mirror MEMS mirror MEMS mirror,

Plan Plan i Plan
S N Laser
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Figure 6-6 — Schematic of the calibration of the device plane and laser source Aol to guarantee a normal projection on the
photodiode plan.

This setup can be used not only to characterize the DOE performance for the target wavelength but also

to scan the projected field of view when the MEMS structure is operated. The projected pattern is
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measured at two stage heights, and the corresponding relative spatial separations determine the
dispersion angle of each beam and FoV by the following equation:

0 =tan?! (u)

h (6-1)

where h is the difference between the two scan heights, and x; and x, the scanned spot coordinates.

6.2 2D MEMS mirror experimental characterization

6.2.1 Topography

The asymmetric electrode topography was experimentally characterized utilizing the previously described
surface metrology setup. The experimental data of the inner axis electrodes of 2D MEMS mirrors is
presented in Figure 6-7. As observed, the thinned electrodes exhibit a thickness of 32 um, whereas the
thicker electrodes measure 50 um in thickness. In the top left corner of the scan, the mirror's reflective

surface can be discerned, along with the associated diffractive pattern.
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Figure 6-7 — Asymmetric electrodes topography measurement, (a) x and y view; and (b) z view.
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6.2.2 Inner natural resonance frequency

The natural resonance frequency of the MEMS devices was experimentally characterized through the
utilization of the Polytec MSA-500 scanning laser-doppler vibrometer. To scan the MEMS frequency
response, a pseudo-random signal was independently applied to each axis. For the inner axis, a defined
maximum amplitude of 15V, along with an offset of 15V, was established, and the Fourier Transform
was calculated over the frequency range spanning from 100 Hz to 5 kHz. Conversely, for the outer axis,
an amplitude of 100 V, accompanied by an offset of 100 V, was employed within the frequency interval

of 10 Hz to 1 kHz. The extracted frequency response for the device A and B are depicted in Table 6-1.

Table 6-1 - Frequency response of the inner (IAx) and outer (OAx) axes of devices A and B.
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As is evident, within the harmonics of the natural resonance frequency, the mirror exhibits an out-of-plane
displacement. However, as anticipated, the resulting FoV is comparatively smaller in the harmonics when
compared to the natural resonance frequency. Each design was subjected to experimental testing, and
the results, including the natural resonance frequency and quality factor, are summarized in Table 6-2.

The distinction between both designs hinges on the width of the OAx springs. Consequently, it was
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expected that design B would manifest a higher natural frequency and a lower quality factor, as proven

experimentally.

Table 6-2 — Experimental natural frequency and Q-factor of devices A and B.

Inner axis Quter axis
Device OAx Spring width Theoretical Fn Experimental Fn Q-factor Theoretical Fn  Experimental Fn  Q-factor
A 10 um 1244 Hz 1236.2 Hz 24.32 263 Hz 216.6Hz 13.38
B 15 um 1244 Hz 1277.7 Hz 6.8 490 Hz 410.2 Hz 20.25

As can be seen, both designs present a natural frequency close to the theoretically expected one when
assuming a spring over-etch of 500 nm. The larger shift measured on the OAx is due to variation in the

outer structure mass, dependent on the handle layer thinning uniformity.
Frequency shift — spring hardening and softening

To further experimentally characterize the frequency response of the MEMS structure, a sine wave with a
frequency sweep was separately applied to each axis within the same frequency interval as an alternative
to using a pseudo-random signal. The signal amplitude was incrementally raised from 5 Vto 25Vin5V
increments for the inner axis, with an offset set at half of the maximum amplitude. For the outer axis, the
amplitude was increased up to 50 V. Figure 6-8 and Figure 6-9 depict the deflection response of device
A in the inner and outer axes, respectively. The observed positive shift in resonance frequency can be
attributed to the spring hardening behavior, which manifests as an increase in the effective spring

constant with the application of higher voltages in the system.

Spring hardening and spring softening are non-linear phenomena observed in electrostatically actuated
MEMS devices. These nonlinearities arise from various MEMS specifications, including excitation voltage,
mirror structure, device dimensions, and pressure conditions [36]. Spring softening involves a reduction
in the effective spring constant, leading to a downward shift in resonance frequency, while spring
hardening entails an increase in the effective spring constant and an upward shift in resonance frequency.
In the literature, several works explored these two nonlinearities in MEMS. The work detailed in [37]
demonstrates that applying a constant DC voltage while varying the AC voltage leads to a spring hardening
effect, where the resonance frequency increases with increasing AC voltages. Conversely, by varying the
DC voltage while maintaining a constant AC amplitude, the response is associated with spring softening

behavior, where an increase in DC voltage leads to a decrease in resonance frequency.

Spring hardening results in an increase in resonance frequency as the oscillation amplitude increases,

with the maximum displacement occurring at this frequency. Conversely, spring softening causes the
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resonance frequency to decrease as the oscillation amplitude increases. Additional tests were conducted

to validate these behaviors.
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Figure 6-8 — I1Ax frequency response experimental data for different actuation voltages.
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Figure 6-9 — OAx frequency response experimental data for different actuation voltages.

6.2.3 Pull-in voltage

The pull-in effect is a critical phenomenon in electrostatically actuated MEMS devices. When voltage is
applied across the actuation electrodes, an electrostatic force is generated, attracting the movable plate
towards the fixed plate and causing mirror deflection. In the case of staggered vertical electrodes, the
motion of the movable electrode is theoretically rotational along the torsional axis, aligning between the
fixed electrodes with equal inter-electrode gaps on both sides to prevent in-plane forces and imbalance.
However, misalignments between different layers in the micromachining process can lead to slight
differences in these gaps. As voltage increases, a point may be reached where the electrostatic in-plane
forces, unbalanced due to the differing gaps, overpower the mechanical restoring torque that prevents
plate collapse. This point is known as the pull-in voltage or pull-in point. Beyond this point, the system

becomes unstable, potentially causing the movable plate to rapidly collapse onto the fixed plate, leading
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to short circuits or other failure modes in the device. To experimentally characterize this effect in the outer
axis, set a limit on the operational voltage and define a range in which the device can function safely and
predictably, a ramp voltage signal was amplified between 0-200 V at a low frequency (0.5 Hz) for each
side, and the mechanical deflection was measured. Figure 6-10 plots present the mechanical deflection

and the applied voltage of the OAx of devices A and B.
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Figure 6-10 - Pull-in experimental data, where (a) is the applied voltage, (b) the pull-in on device A, and (c) of device B.

It was observed that device A collapsed, meaning it got stuck with no remaining displacement at an
actuation voltage of 80 V, which is identified as its pull-in voltage. In contrast, Device B did not experience
pullin within the applied voltage range, indicating it never reached the point of getting stuck. Therefore,
Device A has a lower pull-in voltage compared to Device B. This outcome was anticipated, as Device A's
outer axis (OAx) possesses a lower elastic coefficient, making it more susceptible to achieving the desired
Field of View (FoV) at a lower actuation voltage but also more prone to pull-in due to potential slight
misalignments in the electrodes. However, it is important to note that Device A also presents a smaller

margin for actuation voltage.
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6.2.4 Inner and outer axis mechanical deflection

The mechanical deflection of the MEMS devices was also experimentally characterized using the Polytec
MSA-500 scanning laser-doppler vibrometer. In the inner axis, given the target resonant mode of
operation, a sine wave at the natural resonance frequency (previously extracted) with 30 Vpp was applied,
and the deformation was measured at multiple points along the mirror, synchronized with the pulse trigger
start, resulting in a mechanical deformation versus phase of the fast axis actuation (clipping occurs at
over 10° mechanical deformation). The projected field of view line was computed using the out-of-plane
deformation of two different points. The mechanical deflection of these two points is depicted in Figure
6-11.
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Figure 6-11 - IAx mechanical deflection.
In the outer axis, which is targeted to a static operation mode, the overlapping of the electrodes has a
critical role since the initial overlapped area is zero, maximizing the attraction torque when voltage is
applied. Here, a triangular voltage signal was amplified between 0-100 V at low frequency (0.5-10 Hz) for
each side, and again, the mechanical deformation at multiple points was measured. Figure 6-12 presents

the experimental mechanical response of device A for both sides of the outer axis.
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Figure 6-12 — OAx mechanical deflection and FOV.
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The mechanical angles and resultant optical field of view for the inner and outer axes of device A, extracted

from the mechanical deflection experiments, are shown in Figure 6-13 and Figure 6-14, respectively.
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Figure 6-13 - Experimental IAx deflection angle and resultant FoV.
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Figure 6-14 — Experimental OAx deflection angle and resultant FoV.

The relationship between the field of view (FoV) and the applied voltage for the outer axis (OAx) can be

directly established through mechanical deformation measurements without the ambiguity and distortion

inherent in optical targeting, as depicted in Figure 6-15. Note that the positive FoV is related to the left

electrodes of the OAx actuation, while the negative FoV is related to the right electrodes. This figure

provides detailed insights into the responses of both devices A and B, with device B requiring a higher

applied voltage to achieve the target FoV, as anticipated. Additionally, an imbalance in the FoV of device

B is observable when comparing each side. This discrepancy arises from a slight misalignment previously

noted between the BS electrodes and the microstructure of the device layer, exacerbated by over-etching

of the handle layer.
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Figure 6-15 — OAx FoV as a function of the applied voltage for devices A (a) and B (b)
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This imbalance can be compensated by employing a close loop system that continuously senses the
mirror deflection and adjusts the actuation voltage to achieve the target angle. As shown in Figure 6-15.b,
device B can achieve the target FoV by applying an actuation voltage to the right side of 200 V. Table 6-3

summarizes the FoV data and required actuation values to achieve it.

Table 6-3 — Experimental FoV and correspondent actuation values of devices A and B.

Right side Left side
Device OAx Spring width OAXR FoV Actuation Voltage OAxL FoV Actuation Voltage
A 10 um 1.35° 46.71V 1.11° 46.89 V
B 15 um 1.31° 176.25V 1.31° 133.10V

Using the Polytec system, an extended measurement of the main surfaces of the 2D MEMS mirror was
performed to analyze the overall structural deformation of the device when the inner and outer axes are
independently actuated. Figure 6-16 and Figure 6-17 display the IAx and OAx deformation experimental
data.

Figure 6-17 — OAx large surface deformation experimental data.
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6.2.5 Inner axis large FoV

For the larger field of view, which is the case of the inner axis one, the Polytec laser scanner vibrometer
is not capable of measuring it since the mirror deflects the measuring laser beam to a position outside of
its range. Given this, the large optical FoV setup (with 6_i=0°) for visible laser wavelength was used to

characterize the maximum angle of the inner axis at ambient pressure conditions.

Here, a square wave with a duty cycle of 15% initially, with a frequency above the natural one and an
amplitude Vpp of 10 V, was applied. The amplitude was progressively increased to a maximum value of
200V, and the signal frequency slowly decreased. A maximum FoV of 86° was achieved at 1241.8 Hz,

as depicted in Figure 6-18.
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Figure 6-18 - 1Ax large filed of field (86°) experimentally achieved.

With this experimental optical setup, it is possible to analyse the FoV without any optical dispersion, with
a wavelength within the visible range, in this case 638 nm. However, as shown in Figure 6-18, the
diffraction pattern resultant from the patterned DOE on the mirror surface is highly non-uniform and
presents several diffraction orders. This projected pattern cannot be analysed in this setup given that

laser wavelength, but it is possible to see that it appears for all inner axis FoV.

6.3 Experimental characterization of the diffractive optical element

6.3.1 Topography

The diffractive optical element topography was also analysed using the Polytec MSA-500 surface
metrology setup. Here, the depth of the patterned grating for 45° and 18° were measured, and it is

summarized in Table 6-4.
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Table 6-4 — DOE depth measurements with Polytec MSA-500 tool.

Samples  DOE depth [nm] Target depth [nm]  Deviation [nm]
DOE@45° 595.04 548 47.04
DOE@18° 390.9 407 16.1

Figure 6-19 presents the experimental data of the topography of a DOE patterned on the reflective surface
of a 2D MEMS mirror, with a highlight on a small profile line. The slight variation measured on the DOE

depth is due to the interferometer fringes effects.
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Figure 6-19 — DOE patterned on the reflective surface of the MEMS mirror topography measurement for an Aol of 18°.

6.3.2 Diffraction pattern measurements

The laser beam's incident angle changes, as explained in the previous sections, when the MEMS mirror
is rotated around the fast axis, resulting in a dynamic optical path and decreasing the average intensity

of the five spots, deteriorating the uniformity.

To statically characterize the diffractive optical element performance for the different incident angles that
the mirror motion induces, the NIR FoV experimental setup was used. As previously detailed, using this

setup, the MEMS mirror plan/DOE angle is always calibrated to have a normal projection to the
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photodiode plan in order to minimize the projection distortion and photodiode sensitivity influence on the

measurements, as can be seen in the schematic of Figure 6-20.

MEMS angular stage

Rotational stages

Diffracted
pattern

Laser angular stage

Stage x-y-z Photodiode

Figure 6-20 - NIR optical FoV experimental setup schematic for static diffraction projection.

DOEs were fabricated for a nominal incidence of 45° and 18°, i.e., when the mirror is at the rest position,
denoted as DOE@45° and DOE@18°, respectively. This analysis was performed using a 1550 nm
wavelength laser, assuming the fast axis mechanical deflection range of +15°. This means that for the
DOE@45°, it was measured from 30° to 60°, and for DOE@18°, it was measured from 3° to 33°. The
diffracted pattern for each incident angle (Aol) was scanned by the photodiode with a line pitch of 150 um
(diameter of the photodetector). Figure 6-21 and Figure 6-22 display an example of the measurement
output in different views, where it is possible to identify the zero, first, and second diffraction orders. To
have a differential measure, so the scanning angle and diffraction aperture can be estimated without the
need for absolute distance measurements and can also be independent of the DOE spatial position, for

each Aol, the projection was measured twice, with a height of 0 mm and 40 mm (Figure 6-23).
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Figure 6-21 - Diffracted pattern scanned data lateral and top views.
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Figure 6-22 - Diffracted pattern scanned data, perspective view.
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Figure 6-23 — DOE pattern scan for z=Omm and z=40mm.

6.3.3 Diffraction angular aperture

Regarding the geometry integrity, changing the Aol of the laser on the DOE surface might influence the
initial geometry of the diffracted pattern. This strongly depends on the diffractive grating design. To
guarantee that the diffracted pattern is geometrically uniform throughout the scanning, the required
specifications are deviations from collinearity of less than +1° and angular separation between dots of
2.60°+0.15°. By the extraction of each diffraction peak planar position (x, y) for each stage height, the
angular aperture of each peak regarding the zero-order beam was computed through a straightforward
trigonometrical equation presented in (6-1). Figure 6-24 presents the average angular separation of the

five spots from the different Aols, and the respective minimum and maximum range of +0.15° for the (a)
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DOE@45° and (b) DOE@18°. As can be seen, both Dammann gratings present an aperture extremely
close to the target one of 2.6°, with a slight shift of below 0.05°

Diffraction apperture angle - A = 1550nm for different Aol angles Diffraction apperture angle - A = 1550nm for different Acl angles

275 275
*  Average angular separation %  Average angular separation
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Figure 6-24 - Diffraction aperture angle, for a rest position incident angle of (a) 45° and (b) 18°.

6.3.4 Diffraction pattern uniformity

For range-related specifications, as well as for scanning consistency, the intensity of all five spots shall be
uniform. The required peak uniformity for this system must guarantee a power variance of less than 15%
in relation to the peak of the most significant power. The projection uniformity is calculated using the

following equation.

max(Ppeaks) — min(Ppeaks)> 100 62)
—_ * —

2 * mean(Ppeaks)

nu[%]| = <1

Figure 6-25 presents the computed uniformity of the five spots for the different Aols, of the (a) DOE@45°
and (b) DOE@18°. As can be seen, the DOE@45° presents a high non-uniformity for the MEMS Aol
range, varying from close to 30% to values above 90% in the rest of the position. Comparatively, the

DOE@18° presents values above 72% in all angles, resulting in a more uniform pattern.
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Figure 6-25 - Diffraction pattern uniformity, for a rest position incident angle of (a) 45° and (b) 18°.
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6.4 Multibeam field-of-view scans

Using the large NIR FoV experimental setup, the multispot FoV was also experimentally characterized.
Here, different experiments were implemented and scanned using the 2D MEMS mirror with a diffractive

optical element embedded on the reflective surface, where:

1. Only the inner axis was actuated at resonance to achieve a large field of view, and the outer one
remained in the rest position, as presented in the measurement output of Figure 6-26.a and
Figure 6-27.a.

2. Theinner axis was actuated at resonance to achieve a large horizontal field of view, and the outer
axis was also actuated, but to achieve a small vertical FoV (below 2°), as presented in Figure
6-26.b and Figure 6-27.b.

3. The inner axis was actuated at resonance to achieve a large horizontal field of view, and the outer
axis was also actuated to achieve a large vertical field of view (above 2°), as presented in Figure

6-26.c and Figure 6-27.c.

As can be seen, initially, when only the IAx is working, the projected FoV is composed of five lines, and
when the OAx is working, these lines change to rectangles created by the diffraction pattern on top of the
mirror surface. In Figure 6-27.c, the final five FoV cannot be distinguished since the MEMS structure is

operated in order to scan the overall target area.

As can be seen, the measured projection presents higher intensity values on the horizontal edges. Here,
this non-uniformity is not related to the diffraction pattern as it is in this region that the MEMS mirror has

the lowest velocity and changes the angular direction, resulting in a higher integration time.
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Figure 6-26 - Perspective view of the scanned FoV measured under the large scan photodiode setup, with (a) only IAx
actuation, (b) IAx and low OAx actuation, and (c) IAx and high OAx actuation.
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Figure 6-27 — Top view of the scanned FoV measured under the large scan photodiode setup, with (a) only IAx actuation, (b)
IAx and low OAXx actuation, and (c) IAx and high OAx actuation.

In this topology, using the MEMS mirror embedded with a DOE, the MEMS device's outer axis has to
deflect only 20%, compared to an architecture using a typical reflective micromirror, as it uses five points

to scan the entire FoV.

6.5 Conclusions

In this chapter, the 2D MEMS mirror with the diffractive optical element characterization was detailed.
With the experimental results achieved, it is possible to conclude several aspects regarding the fabricated
MEMS mirrors. The devices presented a quality factor and resonance frequency close to the theoretical
values, validating this way the reliability of the analytical and FEM models. Moreover, a maximum

horizontal FoV of 86° was achieved under ambient pressure conditions when modulating the square wave
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actuation signal with an amplitude of 200 V at the resonance frequency value. Spring hardening was
experimentally observed, presenting itself as a positive shift in the resonance frequency value with the

increase of the actuation voltage amplitude.

The Dammann diffractive optical elements were also experimentally analysed. Dedicated experimental
setups were implemented to evaluate the beam-splitting performance for the target wavelength, 1550 nm.
Both grating micromachined to an Aol for 18° and 45° were characterized, and this followed the
theoretical results, proving that the reduction on the normal angle of incidence for 45° to 18° was the
correct decision in order to ensure a high uniformity with the for range of angles when the mirror is
actuated. Furthermore, the angular aperture of the split pattern was presented, as well as the 2.6°

between each diffraction order.
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/. Conclusions

The research presented in this thesis focused on the development of a 2D MEMS mirror with a Dammann
diffractive optical element for multibeam steering in LiDAR applications. Electrostatic actuation was
selected for the MEMS mirror due to its compatibility with a simple SOl-based micromachining process
and overall power efficiency. The theoretical foundations of the 2D gimbal-based MEMS mirror and the
Dammann diffractive elements were thoroughly studied, both statically and dynamically, to identify key
parameters essential to meet the targeted LiDAR specifications: a Field of View of 54°H x 13°V, angular

resolution of 0.15°, and a frame rate of 10 Hz.

This thesis development methodology was segmented into four main phases: 1) modelling of the MEMS
mirror, encompassing analytical and FEM simulation of its performance; 2) design and modelling of the
DOE, focusing on the desired diffraction pattern and its compatibility with the MEMS structure; 3)
optimization of the micromachining process, which involved the use of grayscale lithography to fabricate
self-aligned asymmetric electrodes on a single silicon layer in a single patterning step, as well as the
implementation of thinned handle masses to create structures that are electrically decoupled yet
mechanically coupled on an SOI wafer; and 4) the experimental characterization of the fabricated 2D

MEMS mirrors integrated with a Dammann DOE.
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/.1 Thesis main achievements

Key conclusions drawn from this research's are outlined as follows:

1. Verification of 2D MEMS Mirror with Diffractive Optical Elements

A comparison between the initial requirements set for the device, driven by LiDAR application needs, and
the achieved performance metrics are summarized in Table 7-1. All requirements were successfully met,
demonstrating the potential of integrating Dammann diffractive elements into the MEMS mirror used for
LiDAR applications. The figure of merit for the fabricated devices, calculated based on the criteria reported
in [5], reached a value of 0.29. Although this figure may seem modest when compared to other
electrostatic-based mirrors, as shown in Figure 7-1, it is important to note that the MEMS resonant
frequency, which is a critical factor in this context, was adequately suited for the targeted LiDAR system.
The developed system exhibited a better performance than most state-of-the-art systems regarding the

Field of View area.

Table 7-1 - Initial parameters application-driven and achieved values.

Parameter Target Achieved Unit
Reflective area 1.1x1.1 IL.l1x1.1 mmg
) Without DOE >434 1236
Horizontal Natural resonance frequency, f . Hz
With DOE >87
Horizontal FoV 54 86 (max) °
Vertical scan frequency, fj 10 10 Hz
Vertical FoV 2.6 2.6 °
Beam-diffracted aperture angle 2.6 2.57 °
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Figure 7-1 — Resonant plus non-resonant figure of merit comparison, based on [5].
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The experimental performance of the multibeam system was compared with other systems in the
literature, focusing on multibeam steering systems based on MEMS and DOE technology for LiDAR. Table
7-2 summarizes the different parameters of the different multibeam steering systems, such as FoV,
scanning frequency, and diffraction aperture angle. Moreover, to easily identify the major differences

between each work, the research schematics of each one are depicted in Figure 7-2.

Table 7-2 - Multibeam steering for LiDAR applications comparison with this work.

(a) (b) (© (d)
Parameter Niclass et Kangetal.  Rodrigez, et This work
al. 2012 2022 al. 2020
[81] [82] [83]
Horizontal resonance frequency, f, 1.3kHz - 3.34kHz 1.24 kHz
Horizontal FoV 45° 38° 48° 86° (max)
Vertical scan frequency/Scan rate 10 Hz 1.7 Hz - 10 Hz
Vertical FoV 11° 7° - 13°
FoV [0y * 6] 495°° 266°<° - 1118°+°
Beam-diffracted aperture angle 15° 5~6° 3.4° 2.57°
Multiple )
lasers " A
M B !
|
S\ 7y
\g 2D MEMS mirror
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Figure 7-2 — Multibeam steering system schematic of the works compared in Table 7-2.

As can be seen, the developed multibeam steering device stands out in different aspects; first, in terms

of field of view, the final scanned area of this work achieved a maximum value of 86° horizontal to 13°
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vertical (FoV area of 1118°«°), which is 2.25 times larger than the best-performing one from [81].
Moreover, the overall system implemented in this thesis does not require multiple laser sources neither
multiple steering elements. This feature makes it a good solution for a miniaturized LiDAR system without

the need for fine and complex alignment between multiple laser sources and optical devices.
2. Multilevel self-aligned process:

The main innovation regarding the MEMS structure relies on the self-aligned asymmetric electrodes. The
micromachining process of these multilevel structures on a single silicon layer using one lithography step
is one of the significant outcomes of this thesis. This process enabled the creation of self-aligned
electrodes, allowing the inner axis motion without the need for wafer bonding or complex post-assemble

caps to create asymmetry on the electrodes.

These improvements implemented on the standard INL SOI microfabrication process have already been
used in new MEMS devices concepts. One of them is the use of the handle layer thinned masses as a
movable structure to mechanically couple different structures on the device's layer, i.e., to achieve
movable structures that are electrically decoupled but mechanically coupled. This has opened new
possibilities for new MEMS sensors at INL, one of them a hierarchical nested 3-axis MEMS accelerometer
[173]. Moreover, the sacrificial handle grids have been implemented as a standard technique to ensure

a uniform etch environment on SOl-based devices with large cavities on the BS.

Moreover, the multilevel self-aligned process using grayscale lithography combined with a sequential
process of bulk micromachining processes has also been explored in the development of new MEMS

magnetometers.
3. Multilevel pattern replication using NIL:

A multilevel nanoimprint replication process was also optimized to produce a 1D MEMS mirrors employing
vertical asymmetric comb-drive electrostatic actuation in a 200 mm wafer SOI process. Compared to
direct write laser grayscale lithography, this process significantly enhances fabrication throughput. An
extensive characterization of the morphology and topography of the intermediate working stamp is
provided, along with an optimization study of the replica fabrication and the alignment procedure between
the replica and the mirror substrate. The results obtained were in accordance with the theoretical design
parameters, demonstrating that NIL can be successfully used as a fast, low-cost alternative lithography

process to fabricate multilevel MEMS structures.
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In an analysis focused solely on the costs associated with tool usage, it has been determined that the
hourly cost of using the Heidelberg DWL 2000 system (for grayscale exposure) is approximately twice
that of the Obducat Eitre® 8 system (for imprint). However, the exposure of a full 200 mm wafer using
the grayscale lithography process needs approximately 40 hours. In contrast, upon the micromachining
of the working stamp, the NIL process is considerably more time-efficient, taking roughly 1 hour (with

alignment, stamping, and demolding processes).

This efficiency does not translate into a notable advantage in scenarios where only a single wafer is
micromachined. However, the situation changes significantly in batch production or when processing
more than two wafers. Under these circumstances, the multilevel pattern transfer to the SOI wafer via the
imprint process is not only substantially faster—requiring only one hour (40 times faster)—but also

remarkably more cost-effective, with a cost reduction of around 82 times.

/.2 Scientific contributions

The research led to three major scientific contributions: two journal publications and a patent application.
The first journal publication, published in June 2020, in the Journal of Microelectromechanical Systems,
is entitled “Fabrication of a MEMS Micromirror Based on Bulk Silicon Micromachining Combined With
Grayscale Lithography”. As the name suggests, it focuses on the micromachining process of asymmetric

self-aligned electrodes of a 1D MEMS micromirror using grayscale lithography [116].

The second one, published in 2024 in the Journal of Manufacturing Process, is entitled “Nanoimprint
lithography for grayscale pattern replication of MEMS mirrors in a 200 mm wafer”, and it focused on the
optimization of the MEMS fabrication process, not only in terms of time but also costs for batch

production, using nanoimprint lithography to replicate the multilevel grayscale mask.

The worldwide patent application WO2023111667A1, entitled “Scanning system for range detection
sensor”, describes a system and method to scan the Field of View (FoV) of interest of a LIDAR system.
The invention discloses an innovative method to scan a wide-angle FoV by combining diffractive optical
elements with a beam steering mechanism designed for small to moderate scanning angles and an array

of photodetectors.

Additionally, one more journal publication is under preparation, detailing the work on the 2D MEMS mirror
with diffractive elements for multibeam steering. A preliminary title for this publication is “All-Silicon,

Multispot 2D MEMS mirror for LiDAR Applications”.
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A scientific oral presentation regarding the nanoimprint techniques applied to replicate the grayscale
pattern for MEMS applications was also presented at the international conference Micro and Nano

Engineering (MNE) & EUROSENSORS 2022 in Leuven, Belgium.

The optimised micromachining process in the thesis has opened new opportunities for new MEMS
accelerometer concepts, using the handle layer to mechanically couple and electrically decouple different
parts of the device layer. This outcome was also presented in an oral presentation at the international
conference Micro and Nano Engineering (MNE) & EUROSENSORS 2022 in Leuven, Belgium. It was also
published in Micro and Nano Engineering journal, entitled “Microfabrication of double proof-mass SOI-

based matryoshka-like structures for 3-axis MEMS accelerometers” [173], in 2023.

The developments regarding grayscale lithography have also been applied to new optical devices and
moulds and were also published in the journal Micro and Nano Engineering, one entitled “Assessing
tolerances in direct write laser grayscale lithography and reactive ion etching pattern transfer for
fabrication of 2.5 D Si master molds” [174], in 2023, and other “Fabrication and optical characterization

of large aperture diffractive lenses using greyscale lithography” [29], in 2022.

/.3 Future work

Within the MEMS micromachining process developed in this thesis, there is still room for further
optimization and improvement. In the future, this novel self-aligned multilevel micromachining process
can be optimized in order to fabricate devices with more than three levels, as well as to enable the
patterning of different materials, such as the metal layer and the silicon structures in a single GS mask.
A typical fabrication process for this specific device would require four different lithographic processes.
This can potentially reduce the number of lithography steps required for processing such MEMS structures
to two (one for the frontside and another for the backside of the SOI wafer). This process could also be
optimized to create more levels in the SOI device layer, such as to create membranes or springs with

thinner or varying heights, which are self-aligned with the rest of the MEMS structure.

A dynamic DOE can also be analysed, given the integration of a Dammann DOE into the MEMS reflective
surface and the uniformity variations of the diffracted beam when the structure is actuated. This could
also be achieved by MEMS technology, creating a structure where the bottom or top surface of the DOE
is movable, and its height can be adjusted to present the desired grating depth for each laser incident
angle. This can present several challenges since the DOE minimal features are 1.4 um in width and

407 nm in depth; however, a highly uniform diffracted pattern could be achieved with in a larger FoV.
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Moreover, the integration and, most importantly, the microfabrication process of this MEMS dynamic

grating and the MEMS mirror can be highly complex.

Concerning the integration of the developed device within a comprehensive Light Detection and Ranging
(LiDAR) system, or even in different applications where the developed 2D MEMS mirror could also be
implemented, several works/research and experimental characterization are imperative for its successful

incorporation. To achieve it, various steps are requisite:

1. Implementing a closed-loop system is critical, which requires an electronic readout system to
sense the position of the mirror via the sensing electrodes already incorporated in the current
design.

2. The development of a dedicated packaging solution is vital. This solution must encapsulate the
MEMS mirror without obstructing the path of the incident and diffracted beams or inducing optical
aberrations.

3. A comprehensive analysis and validation of the angular resolution of the steering mechanism are
essential to ensure its efficacy.

4. Lastly, it is imperative to conduct experimental evaluations of the MEMS structure within the
context of autonomous driving applications. These evaluations should encompass the device's

performance across various temperatures and vibrations.
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