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Abstract

The use of optical microelectromechanical systems (MEMS) as enabling devices has

been shown widely over the last decades, creating miniaturisation possibilities and

added functionality for photonic systems. In the work presented in this thesis angular

vertical offset comb-drive (AVC) actuated scanning micromirrors, and their use as intra-

cavity active Q-switch elements in solid-state laser systems, are investigated.

The AVC scanning micromirrors are created through a multi-user fabrication process,

with theoretical and experimental investigations undertaken on the influence of the

AVC initial conditions on the scanning micromirror dynamic resonant tilt movement

behaviour. A novel actuator geometry is presented to experimentally investigate this

influence, allowing a continuous variation of the initial AVC comb-offset angle through

an integrated electrothermal actuator. The experimentally observed changes of the

resonant movement with varying initial AVC offset are compared with an analytical

model, simulating this varying resonant movement behaviour.

In the second part of this work AVC scanning micromirrors are implemented as active

intra-cavity Q-switch elements of a Nd:YAG solid-state laser system. The feasibility of

achieving pulsed laser outputs with pulse durations limited by the laser cavity and not

the MEMS Q-switch is shown, combined with a novel theoretical model for the Q-switch

behaviour of the laser when using a bi-directional intra-cavity scanning micromirror. A

detailed experimental investigation of the pulsed laser output behaviour for varying

laser cavity geometries is presented, also discussing the influence of thin film coatings

deposited on the mirror surfaces for further laser output power scaling.

The MEMS Q-switch system is furthermore expanded using a micromirror array to

create a novel Q-switched laser system with multiple individual controllable output

beams using a common solid-state gain medium. Experimental results showing the

simultaneous generation of two laser outputs are presented, with cavity limited pulse

durations and excellent laser beam quality.
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1 Introduction

The use of microelectromechanical systems (MEMS) as sensors or actuators in commer-

cial products has increased significantly over the last couple of decades, with current

market analyses showing MEMS as a greater than 10bn US dollar market in the year

2012 [1]. MEMS are used in a wide variety of sensor applications such as accelerom-

eters [2] and microphones [3] and as actuators, e.g. as enabling elements in projector

systems [4]. The increase is currently driven by demands especially from consumer

products, with advantages of miniaturisation, added functionalities and cost reductions

due to batch fabrication, enabling smaller packaging and the move towards the next

generation of devices. In this thesis the sub-category of micro-opto-electromechanical

systems (MOEMS) and specifically the theoretical and experimental investigation and

application of scanning micromirror MEMS as intra-cavity elements in a solid-state

laser system are studied. This is a novel application of scanning MEMS micromirrors,

with only a proof of concept shown previously [5], as scanning micromirrors are cur-

rently primarily applied in imaging [6–8] and projection systems [9, 10]. In this work

the feasibility and performance of a scanning micromirror as an active Q-switch in

solid-state laser systems is investigated. The novel aspects of the work are to be seen

as creating added functionality to the laser system due to the application of MEMS, as

well as a new device design which permits further basic investigation of the electrostatic

microscanner characteristics and performance of the specific microscanner design used

inside the laser system.
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The rest of this introductory chapter will give a short overview of the current MEMS

technology, especially in the context of scanning micromirrors and the state of the art

of these devices, as well as the application of MEMS in laser systems. The rest of this

thesis is structured as followed:

In chapter 2 an analytical hybrid model for the prediction of the scanning behaviour

of an electrostatic MEMS micromirror with angled vertical initial offsets of the comb-

drive actuators is presented and verified. Chapter 3 investigates the specific case of a

MEMS scanning micromirror with variable initial offset comb-actuators and the influ-

ence of this initial offset on the scanning behaviour of the mirror. The offset change

is achieved by means of (a) an electrical actuator and (b) mechanical displacement.

The application of the analytical model from chapter 2 confirms the experimental be-

haviour, with higher initial offsets leading to higher scan angles. In chapter 4 the use

of a scanning micromirror as an active Q-switch element and end mirror of a Nd:YAG

solid-state laser system is investigated. The Q-switched laser performance using gold

coatings and a test dielectric coating on the micromirrors is evaluated using several

laser setups. A novel simulation model for determining the Q-switched laser output

using MEMS scanning micromirrors as active Q-switch elements is also presented in

chapter 4 and verified for one of the experimental investigated laser setups. Chapter

5 introduces the novel concept of using an array of scanning micromirrors to create

multiple individual temporal controlled laser outputs through a single solid-state laser

gain medium. A dual output laser system is presented with maximum pulse energies

of almost 8µJ. Chapter 6 summarises the findings in the thesis and gives an overview

of the challenges and outlook for future work.

1.1 MEMS technology

MEMS are, as the name states, devices with functional parts of dimensions in the

micrometre range using electrical actuation or readout to excite or measure mechani-
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cal movements. The microscale definition of the functional parts leads to fabrication

requirements with alignment tolerances and accuracy in the single micrometre range.

To achieve these requirements, MEMS have built on and benefited from the develop-

ment of the integrated circuit (IC) technology, which started from the 1960s. The use

of silicon as material of choice for a majority of MEMS devices originates from this

background, as reliable and cost-effective fabrication technologies were developed and

adapted from the IC sector and extended to allow for the specifics of MEMS, particu-

larly having thicker functional structures and sometimes requiring full thickness etching

of substrates. The specific advantages of MEMS are therefore partly achieved through

this combined origin of the fabrication processes, with batch fabrication possibilities

leading to low device costs, ease of integration due to the small feature sizes, low power

consumption and the possibility for novel applications and concepts due to novel sensing

or actuation possibilities.

1.1.1 Common MEMS fabrication processes & materials

MEMS fabrication processes can be classified in general, and especially for silicon based

fabrication, in the two categories of surface micromachining and bulk micromachin-

ing [11]. Both processes use a combination of photoresists, photolithography and etch

steps to define the device geometries, plus material deposition of functional materials

including metals, piezoelectric film layers, magnetic film layers or even biological or

chemical layers. Surface micromachining uses the deposition and patterning of thin

films on top of a substrate, including sacrificial layers which are used for releasing

functional structures through etching. A wide variety of materials can be used with

poly-silicon being a common material. The substrate is in this case not patterned, and

released structures are therefore suspended above a relatively thin air cavity. Bulk mi-

cromachining is used especially for single crystal silicon (SCS), with the substrate not

only being the mechanical base but also a part of the device, e.g. as proof mass for

accelerometers. The substrate is in this case also undergoing a patterning and etch step,
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with non-liquid based etching being done in the form of a deep reactive ion etch (DRIE)

step to achieve as close as possible vertical sidewalls throughout the substrate. Alter-

native fabrication processes, especially for applications in bio-compatible MEMS and

microfluidics, are based on forming a mould and reforming the features in the desired

material, with processes like LIGA (Lithographie, Galvanoformung und Abformung,

German) [12] or similar fabrications using SU-8 and PDMS [13].

The most common material used for MEMS devices is nevertheless silicon, especially

SCS [14], due to its availability through IC fabrication and the related reliable small

feature size fabrication capabilities. SCS has a hardness above iron (850kgmm−2) and

tensile yield strength values of a multiple of stainless-steel (7.0 ⋅ 105Ncm−2), combined

with a maximum possible value of the Young’s modulus close to it (190GPa) [15],

leading to more reliable devices due to the single crystal structure and these strength

values. Silicon in the form of poly-silicon is used for surface micromachining and exploits

material properties that maintain some of SCS advantageous properties [16]. Polysilicon

is deposited as a thin film with process temperatures in excess of 500○C and has no

homogeneous crystal lattice but crystal grains, leading to variations of the material

parameters and possible high stress concentrations and gradients [16]. The advantage

of polysilicon is an easy integration into the CMOS processes as an additional layer.

Nevertheless, the high deposition temperatures restrict possible additional functional

materials. Recently MEMS devices were also investigated with ceramic materials as

functional parts, especially using carbides and nitrides like SiC [17], SiN [18] or AlN [17],

which are integrated with common SCS process steps.

The MEMS devices designed, characterised and applied in this thesis are all fabri-

cated using a multi-user silicon on insulator process, SOIMUMPs, offered commercially

by the foundry MEMSCAP Inc. with well investigated material parameters [14, 19].

This process uses doped SCS device layers with 10µm or 25µm thickness and will be

described in detail in section 3.2.
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1.1.2 MEMS sensing and actuating principles

Historically MEMS sensors are more advanced than actuators due to the easier integra-

tion and coupling to the macroworld [11]. Sensing principles can be roughly classified

by their physical principle with displacement, inertia or pressure most commonly sensed

by piezoresistive or capacitive sensors. Piezoresistive sensors are built on the principle

of changing resistance due to strain in the material [20], while the changing distance or

overlap area of capacitor electrodes change the measured capacitance [21]. Magnetic

fields can be detected with Hall [22] or Lorentz-force [23] sensors, measuring an induced

current or displacement due to the presence of a magnetic field. For chemical sensing

conductive polymers or impedance based sensors can be used amongst others. A ca-

pacitance change of an polymer coated electrode based sensor can be measured, due to

swelling and changes of the dielectric constant of the polymer when specific chemicals

are absorbed [24]. For metal oxide based impedance chemical sensors the conductivity

also changes when a chemical reaction takes place, which requires in general the metal

oxide to be heated [25]. Further chemical sensors include surface acoustic wave (SAW)

sensors, where the resonance frequencies of the SAWs change with chemicals binding to

the used substrates [26], or electrochemical sensors where current or potential changes

due to chemical reactions on electrodes are measured [27]. Biological sensors can use

molecular-specific reactions which can be very specific but are generally irreversible [28],

or even cell-based sensors where living cells can detect and amplify chemical signals [29].

Actuator principles for MEMS are generally classified into four categories. (I) Elec-

trothermal devices using Joule heating to create displacements, (II) piezoelectric devices

using piezoelectric forces in specific materials like PZT, ZnO or AlN, (III) electromag-

netic devices using Lorentz forces or magnetostatic forces and, lastly, (IV) electrostatic

devices using the electrostatic force created between capacitive electrodes. In the next

section, examples will be presented how the above mentioned micro-actuation tech-

niques are implemented in MEMS scanning mirrors.
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1.2 MEMS scanning mirrors

MEMS scanning micromirrors were one of the first applications of actuated structures in

the field of optical MEMS, with a first device demonstrated by Petersen in 1980 [30] and

built using a SCS device layer in combination with a manually aligned glass substrate

incorporating backside electrodes for the actuation. Since then scanning micromirrors

have been widely investigated using a variety of actuation principles and have been

applied to a variety of application areas and commercial products. Generic advantages

of scanning micromirrors are the possibility of a high angular range (above 80○ optical

scan range) combined with a frequency actuation in the kHz range, the high reliability

due to the use of SCS, an easy integration possibility for position sensor principles and

the general advantages of MEMS including their miniaturisation potential and batch

fabrication possibility. In the rest of this section the mentioned application areas and

actuation principles will be reviewed and introduced.

1.2.1 Application areas of scanning mirrors

MEMS scanning micromirrors have application possibilities in a wide variety of areas,

with a general classification being possible as projection systems, imaging systems, sens-

ing applications and application for laser beam manipulation. For projection systems,

commercially available systems can be found, like Microvisions pico-projector [31], as

well as laboratory-based systems for displays [32, 33]. Imaging system based applica-

tions of microscanners have also been demonstrated in a variety of fields, with barcode

scanner systems commercially available and single pixel cameras having been demon-

strated in a laboratory environment [34]. MEMS microscanners in biomedical applica-

tions enable integration in endoscopic probes for in-vivo imaging and include optical

coherence tomography [35], reflectance and fluorescence confocal microscopy [36,37] and

multi-photon microscopy [38, 39]. For sensing applications scanning mirrors have, for

example, been demonstrated in a Fourier transform infra-red spectrometer [40]. Laser
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Figure 1.1: (a) Schematic of a 2D electrothermal scanner with (b) parameter definitions
for a bimorph actuator model.

beam manipulation with scanning micromirrors is done in the context of variable op-

tical attenuators [41] and has also been demonstrated in a first test as an intra-cavity

element in a laser system for obtaining Q-switched laser output [5]. The actuation prin-

ciples for the enabling scanning mirrors of these applications will be described in the

following sections, starting with electrothermal actuation followed by electromagnetic

actuation, electrostatic actuation and piezoelectric actuation.

1.2.2 Electrothermal actuation

Electrothermal actuation schemes for scanning micromirrors are generally split into two

groups, one of which uses the bimorph effect between two materials with different coeffi-

cients of thermal expansion (CTE) to generate an out-of-plane movement, and the other

one using a geometric constrain to generate the out-of-plane movement. Thermal actu-

ators were first used by Riethmüller and Benecke in 1988 [42] to build a microactuator

based on a bimaterial transducer element which can be used for scanning micromirrors.

The thermal expansion of materials due to Joule heating is in this case used to generate

the movement. The thermal time constants of these movements, usually lying in the

range of tens of milliseconds, limit the actuation speed for static displacements, which

is the desired operation regime for this actuation concept. A general schematic of an

electrothermal actuated micromirror and a cross section view of a generic bimaterial

actuator can be seen in Fig. 1.1(a) and Fig. 1.1(b) respectively. When applying a poten-
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tial difference V (t) between electrode 1 and 2 the resulting current I will generate heat

in the actuator. The temperature distribution T (x, t) along the actuator, in respect of

the position x and time t, is then mainly governed by the heat generated by the current

and by the loss due to heat conduction through the material to the substrate. This can

be described by the one-dimensional heat equation [43]:

∂T (x, t)
∂t

=

V 2(t)
Chρ rs l2

+ kt

Chρ

∂2T (x, t)
∂x2

. (1.1)

In this case heat conduction through air to the surrounding substrate, convective cooling

through air flow and radiative heat losses are often neglected [44]. Ch is the effective

specific heat of the material combination, ρ is the effective density, rs is the resistivity, l

the length of the actuator loop and kt the effective thermal conductivity. The increased

temperature generates an elongation of the actuator beams, which is translated into an

out of plane movement by the previously mentioned mechanisms of bimorph actuation

or geometric constraint.

In the bimorph case, the temperature change will create a change in the stress distri-

bution between the two material layers due to different CTEs of these materials. This

leads to an out of plane bending of the beam. Metals generally used for bimorph actu-

ators include gold [42], nickel [45] or aluminium [8,46–48] and have a higher CTE than

the substrate layer, which consists of silicon or silicon-dioxide. This leads to a down-

ward bending movement with increasing temperature when the metal layer is deposited

on top of the silicon.

In the case of geometric restraints leading to an out of plane actuator motion, a

combination of ”hot” and ”cold” beams is used to generate the movement. These

beams share typically a common connection point to the micromirror, with a ”cold”

beam implying that no current is present through this beam and therefore no active

Joule heating. A temperature change still occurs due to heat conduction through the

connection to the ”hot” beam, which experiences Joule heating. Some of the geometrical
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layouts presented so far centre around a two layer beam structure. A step between single

or multiple inner unheated and outer heated beams [49, 50] has been shown as well as

two beams located on top of each other with a connection point only at the top end of

the beams [51]. A single layer structure has also been used with a single unheated inner

beam where the displacement direction is induced by an intrinsic stress in the silicon

layer [43]. The deflection using geometrical constraints is in general an upward bending

movement, but depends on the initial configuration of the mechanical connection.

The general advantage of electrothermal actuators can be seen in their possibility to

create displacements with low, single digit, driving voltages compared to higher required

voltage levels of electrostatic actuators. Additionally the possibility of static displace-

ments allows not only dynamic beam scanning but also beam steering applications,

with the acting force being independent of the position of the actuator. Limitations of

thermal actuators can mainly be seen in the thermal time constants of the actuation,

limiting the usage to mostly lower frequencies in the range of tens of Hertz. The ther-

mal heat limits also constrict the maximum actuator displacements, with an additional

disadvantage being the power consumption in the tens to hundreds of milliwatt range

compared to other driving principles with orders of magnitude lower power consump-

tion.

Electrothermal actuators with bimorph actuation have mostly been used so far for

scanning micromirror, especially in systems having the possibility of static displacement.

Inverted in series connected bimorph actuators have been used [48,52] to generate a tip-

tilt-piston movement, with an example shown in Fig. 1.2(a). The use of four actuators

symmetrically placed around the mirror plate allows a pure piston movement with a

displacement of up to 480µm. Static tilt angles of up to 60 ○ total optical scan angle

(TOSA) at 8V are possible with dynamic actuation at the resonance frequency of 490Hz

almost doubling the angle, albeit by introducing a slight mode coupling between the

two tilt axes. A similar connection concept for the actuators has also been used with

folded bimorph actuators [35], achieving static TOSA values of 62 ○ with 5.5V dc and
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(a) (b) (c)

Figure 1.2: Examples of electrothermal scanning mirrors: (a) use of inverted in series
connected actuators [52], (b) use of a linear array of bimorph actuators [46],
(c) micromirror using geometric constraints [34].

piston displacements of more than 600µm. The general concept of this actuator is a

linear array of bimorph cantilevers connected in parallel to generate the displacement.

Similar actuators have also been shown without the folding structure for 1D [53, 54]

and 2D [46,55,56] tilt operation (see Fig. 1.2(b)). The disadvantage of these structures

is the loss of the rotation axis at the mirror centre. A maximum static 1D mechanical

scan angle of 124 ○ was shown [53] without heat failure of the device. The use of a

single bimorph actuator instead of an array has also been shown in variations with

a one dimensional tilt through a single connection [45] and with connections to the

mirror plate designed using serpentine springs to allow a plane mirror surface despite

the angled actuators [8, 47, 57]. The tilt angles of these devices were shown to be

around 20 ○ TOSA with actuation voltages as low as 1.4V. The use of geometric

constrained actuators in scanning micromirrors follows a similar connection scheme as

the single bimorph actuators, by using serpentine springs as connections to the mirror

plate [34] (see Fig. 1.2(c)). The geometric constrain is hereby achieved by an unheated

middle beam and an initial upward out-of-plane bending curvature of the actuator

due to intrinsic stress distributions resulting from the fabrication. The tilt angles are

considerably lower than the ones observed with bimorph actuators with angles of 3 ○

TOSA, but allowing the usage of simpler fabrication processes.

Additionally to the purely electrothermal actuation described so far, there have also

been device investigations using hybrid actuation schemes, combining electrothermal

actuation with electrostatic or electromagnetic actuation, whose basic principles will be
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Figure 1.3: Schematic of electromagnetic scanners with permanent magnets placed (a)
at the side of the mirror surface or (b) underneath it.

described in the following sections. The combination of electrothermal and electrostatic

actuation for generating one ”slow” thermal axis, in the movement frequency range

of tens of Hertz, and one ”fast” electrostatic axis, in the kilohertz range, shows the

possibility of 2D raster scan patterns with more than 10 ○ TOSA in both axes and a fast

scan axis with resonant frequencies of 1.6kHz [7]. The same combination principle has

also been used combining electrothermal and electromagnetic actuation [58], with the

slow electrothermal axis allowing scan angles of up to 3 ○ TOSA and the electromagnetic

axis of up to 6 ○ TOSA with 10V actuation each. The thermal axis drives in this case a

frame structure on which the magnetic actuator is fixed in a gimbal configuration. The

combination of electrothermal actuation and electromagnetic actuation within the same

actuator has also been shown [59] with the actuation current through the thermal beam

working at the same time as the origin of the electromagnetic force. The advantage of

this combination is the use of the high force electrothermal actuation when operating

at a relative low frequency range and the use of the electromagnetic actuation for high

angle driving at resonances above 10kHz.

1.2.3 Electromagnetic actuation

Electromagnetic actuation for a scanning micromirror can also be split into two design

groups. Either a conductor coil on the mirror is used in a static external magnetic

field to generate the mirror movement torque (see Fig. 1.3), or a ferromagnetic layer on
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the mirror is used in an external magnetic field which controls the mirror displacement

by its orientation and strength. The governing principle of the mirror coil actuation

is the Lorentz force acting on moving charges in a static magnetic field. Placing the

micromirror in a static, homogeneous magnetic field B⃗ created by permanent magnets

placed on the non-anchored sides of the mirror will create a torque T⃗ ′y when a current

I is flowing through the conductor loop on the mirror surface (see Fig. 1.3(a)). The

torque can be expressed as:

T⃗ ′y = m⃗coil × B⃗, (1.2)

with m⃗coil being the magnetic moment of the coil which can be expressed as mcoil =

I ⋅Atotal, where Atotal is the area enclosed by the coil turns [60]. Reversing the current

flow in the coil will create a torque in the opposite direction. This allows a bidirectional

static tilt actuation which is controlled by the current. The magnitude of the current

is limited by the heat induced damage to the metal tracks, which sets the requirement

for relatively large external magnetic fields to create large movement angles. Most

presented devices use permanent magnets with magnetic fields in the range of 0.5T.

Instead of using two permanent magnets on the side of the chip it is also possible to

use a single magnet below the chip [61–63]. In this case two coils with opposing spiral

direction need to be placed on each side of the mirror surface, with the dividing line

along the desired torsion axis (see Fig. 1.3(b)). To generate the required torque a non

uniform magnetic field with a field gradient is needed, which generally is the case for a

small magnet having a similar footprint as the mirror surface. A detailed investigation

of the influence of the magnet shape and size is presented in [63].

When using a ferromagnetic layer on the mirror surface, a magnetostatic force can

be induced by the interaction of an external magnetic field with the magnetization M⃗

of the ferromagnetic layer (see Fig. 1.4). The external magnetic field is created by a

coil structure allowing the control of the mirror tilt. It needs to act with an angle on

the ferromagnetic layer, similar to the single backside permanent magnet case discussed

previously. The tilted magnetic field creates a magnetization M⃗ in the ferromagnetic
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Figure 1.4: Schematic of an electromagnetic scanner with an external coil driving the
micromirror.

layer, which then tries to align with the inducing field and therefore creates the driving

torque T⃗ ′y for the mirror. This can be expressed as [64]:

T⃗ ′y = V
′
mag ⋅ M⃗ × B⃗, (1.3)

with V ′mag being the volume of the ferromagnetic material. The magnetization M⃗

depends in this case on the inducing external magnetic field B⃗, the angle between

the original mirror surface position and the external field, as well as material and

geometry parameters of the ferromagnetic layer. Additional to the torque created by

the magnetization of the ferromagnetic material a second torque can be created on the

mirror surface due to eddy currents in the mirror plate, which are induced by a time

varying magnetic field when driving the external coil magnet with an AC signal [65].

The induced eddy currents create a Lorentz force when placing the chip in between

permanent magnets, which adds a torque component for the movement of the scanning

mirror.

The first demonstrated magnetic mirror-like tilt actuator consisted of a permanent

magnet mounted on a movable silicon plate with a planar gold coil structure surrounding

the actuator [66]. Rotation angles of up to 15 ○ TOSA were achieved with drive currents

of 235mA. Since then both previously discussed driving principles have been used to

create scanning micromirrors.
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Using a ferromagnetic layer on the backside of the mirror surface and the backside

of the torsion springs allows actuation with an in-plane or out-of-plane magnetic field

[67]. The in-plane magnetic field uses magnetostrictive actuation of the torsion bar

to create a torque, while the out-of-plane field acts on the full backside layer creating

an electromagnetic torque due to the change of magnetization in the magnetic layer.

TOSAs of up to 25 ○ are shown at resonance with a resonance frequency of 55Hz. The

use of magnetostatic actuation using a permalloy film deposited on the mirror has also

been shown with a non-symmetric magnetic field created by an offset located bottom

coil with [64, 68] and without [69] a side-mounted permanent magnet. The permanent

magnet on the side ensures a constant magnetization of the ferromagnetic layer. The

results without the permanent magnet show a maximum TOSA of 25 ○ while with the

permanent magnet TOSAs of 88 ○ are shown [68]. Applying an in-plane magnetization

with 45 ○ orientation to the scan axes allows the simultaneous actuation of both axes

by creating 2D scan patterns using both resonance modes of a gimbal structure (see

Fig. 1.5(c)) actuated at the same time [64]. A scan field of 13 ○ x11 ○ with resonant

frequencies of 584Hz and 11.15kHz has been shown with this. The general advantage

of using ferromagnetic layers is seen in easier fabrication processes as no additional

layers for coil isolation are needed on the mirror.

When looking at the two discussed possibilities for using coils on the mirror surface,

the use of a bottom permanent magnet allows a more compact setup and higher fill

factors when using multiple mirrors. By using the discussed 2 counter propagating

coils on two sides of a desired torsion axis, a simple spreading magnetic field from a

permanent magnet underneath the mirror generates a torsional torque. Four coils on

the backside of the mirror surface [61] or two coils each on the frame and the mirror

surface [62] have been used for generating 2D scanning patterns. The size of the frame

of the gimbal mounted mirrors can be reduced by using coils only on the mirror surface

which allows a higher fill factor. A 16x20 mirror array has been shown with this

principle with mirror diameters of 1.4mm and scan angles of more than 24 ○ TOSA
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(a) (b) (c)

Figure 1.5: Example of electromagnetic actuated scanning mirror: (a) with single coil
actuation [71], (b) with dual coil and single permanent magnet [62] and (c)
with ferromagnetic layer on mirror [64].

for static displacement in both axes. The resonance frequencies in this case are quite

low with 96Hz and 135Hz. Using the frame as substrate for one of the coil pairs (see

Fig. 1.5(b)) allows static torsion angles of 16 ○ TOSA for a mirror surface with 2mm

diameter and also low resonance frequencies of 106Hz and 80Hz. 1D scanners with

permanent magnets placed at the side of the mirror were shown with TOSAs of 16 ○

at 4kHz resonant frequency including an actuation and a sensing coil on top of each

other [70] as well as mirrors with large size of 6 x 4mm2 which showed maximum TOSA

values of 30 ○ at 0.8kHz resonant frequency (see Fig. 1.5(a)) [71]. The use of similar

devices for 2D scanning has also been presented by actuating a torsion and flexing mode

of the mirror simultaneously in resonance [72]. The in-plane magnetic field needs to be

orientated at 45 ○ to the torsion axes in this case. A 2D scanning mirror which allows a

raster scan pattern has also been shown by using a gimbal structure with a driving coil

located at the frame only [33]. In this case the driving signal is a combination of the

resonance actuation of the inner mirror at 21.3kHz, which is coupled from the frame

to the gimbaled mirror, and a quasi static raster scan of the frame. TOSA values of

65 ○ and 58 ○ are achieved in this case. A complete decoupling of both axes has also

been achieved by using a gimbal structure with separate coils placed on the backside

of the frame and the mirror [73]. This allows static tilt in both axes with TOSA of

4.6 ○. To avoid any coil connections on the torsion beams, two additional principles

have been investigated: the use of an induced current in a closed loop coil on the

mirror surface [74] and the use of eddy currents excited by an AC magnetic field in a
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Figure 1.6: (a) Schematic view of an electrostatic parallel plate actuated mirror and (b)
definitions for the torque and actuation calculations.

metal layer on the mirror [65]. The general advantages of electromagnetic actuation

lie in the possible static actuation with linear forces and a lower power consumption

than thermal actuated mirrors. But the need of permanent magnets or driving coils

introduces a constraint on the size requirements.

1.2.4 Electrostatic parallel plate actuation

Electrostatic actuation has been the most popular actuation scheme so far for scanning

micromirror, from the first device shown in 1980 [30] up to the present day. General

advantages are a low power consumption (in the range of µW) due to only parasitic

current flow and the possibility of using simple fabrication processes. The category can

also be split into two distinctive designs: electrostatic parallel plate actuation and comb-

drive actuation. The first principle will be discussed in this section with comb-drive

actuation featuring in the two subsequent sections.

The movement of a scanning micromirror with electrostatic parallel plate actuation

is based on the attracting force between two electrodes when applying a potential

difference. Two electrodes placed underneath a suspended mirror plate (as seen in

Fig. 1.6) can then generate a static or dynamic tilt movement of the mirror plate around

the connection axis y. When applying a voltage V at one of the electrodes and grounding
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the moving mirror, an electric field E⃗ is created between the electrode and the mirror

plate, which will create the attracting force F [75]:

F =
1

2

dC

dz
V 2
=

1

2
ε
A

d2
V 2 (1.4)

where C is the capacitance between electrode 1 and the moving mirror, A is the area of

the electrode, d is the height separation between the mirror and the bottom electrode,

ε is the dielectric constant and V is the applied potential difference. The torque T ′,

responsible for the mirror movement, depends on the distance of the acting force to the

mirror rotation axis and can then be calculated by [30]:

T ′ =

b/2

∫
b/2−l0

F (x) ⋅ x
b
dx =

1

2
ε V 2 b

b/2

∫
b/2−l0

x

d(x)2 dx

=

1

2
ε V 2 b

b/2

∫
b/2−l0

x

(d − θx)2 dx. (1.5)

b is in this case the side length of the mirror, l0 the distance of the start of the bottom

electrode from the mirror rotation axis and θ the tilt angle of the mirror. At static

displacements this torque equals the restoring torque of the two torsion bar springs,

through which it is possible to calculate the static mirror angle. Dynamic actuation

is also possible with an increased angular response at the mechanical resonance of the

mirror. To form a 2D scanning mirror with a similar combination of static and dynamic

driving possibilities the bottom electrodes need to be separated into 4 quadrants and a

gimbal frame added around the mirror surface [76]. Sensing of the mirror position can

be achieved by reading out the capacitance of the unused electrodes.

The attractive possibilities of the combination of 2D static scanning with low power

consumption, fast response times and high fill factors are counterbalanced by the dis-

advantages of a multi-layer fabrication process, a limiting scan angle defined by the

distance between the mirror plate and the bottom electrodes and the drop of actuation

force with increasing electrode distance to the mirror. Additionally, pull-in behaviour
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(a) (b) (c)

Figure 1.7: Examples of electrostatic parallel plate scanning mirrors: (a) 1D switching
mirror with 90 ○ rotation [80], (b) 2D scanning mirror [81], (c) 2x2 array of
2D mirrors with side wall electrodes [82].

can be observed at higher angles which creates the necessity to design a physical stop or

appropriate driving schemes to avoid this. Pull-in describes the snapping of the mirror

plate to the ground electrodes due to the increased electrical field strength.

The very first demonstrated scanning micromirror used parallel plate actuation by

assembling the moving part, defined by etching of a silicon chip, on top of a glass

substrate with the bottom electrodes [30]. Scan angles of 2 ○ TOSA at 15kHz resonant

frequency were shown. Several modification schemes to the actuator were used over the

years to lower the necessary actuation voltages, improve the linearity of the scanner and

avoid pull-in phenomena. One of these is the use of inclined bottom electrodes [77] to

reduce the required driving voltage. Scan angles of 43 ○ TOSA at a resonance frequency

of 925Hz were shown. To avoid pull-in behaviour closed-loop control can be used with

online measurement of the mirror displacement on a position sensitive detector [78]

or by mechanical means, for example with using a comb-structure on the side of the

mirror [79]. In this case the combs hit the substrate next to the electrodes and prevent

a short between the mirror surface and the bottom electrodes. A 1D switching mirror

with static tilt angles of up to 90 ○ TOSA has also been reported by using a non-

symmetric mirror with a short actuator side which gets pulled into a trench area by

horizontal and vertical electrodes [80].

Two dimensional scanning mirrors have been presented by adding a gimbal frame

structure and either using 4 bottom electrodes underneath the mirror or 2 electrodes
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Figure 1.8: (a) Schematic of electrostatic comb-drive actuation and (b) definitions for
in-plane vertical actuator calculations.

each placed under the mirror and under the frame. In the first case a higher active

mirror area is present with scan angles of 6 ○ TOSA [81] or 3 ○ TOSA [76]. Modelling

and linearisation of the driving of these type of devices has been shown with multiple

approaches [83,84] to reach a linear static scan field of the mirror. The second case uses a

wider frame to accommodate the bottom electrodes underneath it [85,86], which enables

an easier decoupling between the two scan axes. To increase the electrostatic force for

2D scanning micromirrors added side wall electrodes next to the bottom electrode

actuation have been investigated [87], which allow static rotation angles of up to 20 ○

TOSA. Due to the placement of the actuators underneath the mirror surface, arrays

with high fill factors can be achieved. For one dimensional scanners a linear array

with elongated mirrors and scan angles of up to 6 ○ TOSA was shown [88], while two

dimensional scanners in a 2x2 array with a fill factor of 56% were also demonstrated [82].

1.2.5 Electrostatic comb-drive actuation

The use of electrostatic comb-drive actuators for fast scanning micromirrors has become

very popular over the last decade due to their higher actuation forces with lower re-

quired voltage levels compared to parallel plate actuators, and the fact that no external

components are needed as is the case for electromagnetic scanner. A schematic of a

comb-drive actuated scanning mirror can be seen in Fig. 1.8(a). The higher actuation

forces are achieved due to a greatly reduced distance between the driving electrodes
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compared to the distances for parallel plate actuation. This leads to an increased overall

capacitance and therefore to the possibility of reduced driving voltages. A direct torque

T ′ is created by the capacitance change between the comb electrodes (e.g. see [89]):

T ′(θ, t) = 1

2

dC(θ)
dθ

V (t)2 (1.6)

with C(θ) being the overall capacitance between the comb fingers, which changes with

the scanner rotation angle θ, and V (t) being the excitation voltage (see Fig. 1.8(b)).

As the torque always acts to maximize the capacitance and therefore the comb overlap,

no static displacements are generally possible, apart from schemes where high initial

offsets between the combs exist. Due to this, resonant driving schemes are used for this

type of scanning mirror with the resulting scanner dynamics and rotation angles being

determined through the general Duffing type movement equation [90]:

Iθ θ̈ +D θ̇ +K θ = T ′(θ, t). (1.7)

Iθ is the torsional moment of inertia of the moving part of the scanner, D is the damping

coefficient, K the spring constant determined by the two torsion beams and T ′(θ, t)
the already mentioned electrostatic torque created by the applied voltage. Solutions

to this equation have a sinusoidal form and show high scan angles only around the

mechanical resonance frequencies, which are determined by the mechanical properties

and dimensions of the scanner. Two main philosophies were followed so far for creating

vertical comb drive scanning mirrors. Number one tries to align the combs perfectly

in-plane, whilst number two tries to create a vertical or angled offset between the fixed

and moving combs.

In-plane vertical comb-drive actuators

In-plane comb-drive actuators were first used in 1989 to create resonant structures in

poly-silicon, with the movement confined in the device layer plane [91]. To modify these
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(a) (b) (c)

Figure 1.9: Examples of in-plane vertical comb-drives: (a) 1D scanner with magnifica-
tion of inner mirror movement [90], (b) rotating grating scanner [92], (c) 2D
scanning mirror [93].

structures for achieving a torsional movement a modified spring structure is needed,

with no direct modification of the comb-drive being necessary as small imbalances

created through the fabrication are sufficient to allow the start of a torsional resonance

movement, provided the actuator is driven around the torsional resonance frequency of

the scanning mirror. The advantage of this type of comb-drive is that no additional

fabrication steps are required to align or offset the comb fingers. A perfect flatness of

the combs also leads to flat mirror surfaces due to fabrication in the same device layer,

which is one of the important considerations for scanning mirrors in projection and

imaging systems.

One dimensional scanning mirrors have been investigated in terms of their damp-

ing [94], phase control for stable driving [95] and their dynamic flatness behaviour.

Distributed spring connections to the mirror surface with multiple joints [10, 96] and

the additional use of a backside reinforcement structure underneath the mirror surface

have shown to reduce the dynamic deformation of the mirror surface with scan angles

of 40 ○ TOSA at resonance frequencies of 30.8kHz, also by using a double frame struc-

ture [97]. The inclusion of a frame structure adds the additional advantage of a possible

magnification of the tilt movement, excited by the combs located at the outside of the

frame, in respect to the mirror part connected with a second, thinner torsion beam

which is set in line with the original torsion axis (see Fig. 1.9(a)) [90]. TOSA of 72 ○

at a resonance frequency of 22.1kHz with 190Vp−p actuation have been shown in this
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Figure 1.10: Initial positions of (a) staggered vertical comb-drives (SVC) and (b) angu-
lar vertical comb-drives (AVC).

case using an out-of-phase movement between the frame and mirror parts. A further

concept for one dimensional scanning mirrors with in-plane comb-drives has been de-

veloped using an in-plane rotating grating, which scans the first order diffraction of

an incident beam [98] (see Fig 1.9b)). By using a multi-layer approach and fabricating

the diffraction grating platform separately from the circular comb-drive actuators scan

angles of 33 ○TOSA at 23.4kHz were demonstrated with this technology [99].

Two dimensional scanning is generally achieved by implementing a gimbal-frame

structure with separate comb-drive actuators for both scanning axes. In this case extra

effort needs to be undertaken to electrically isolate the two sets of comb-drives by using

oxide filled trenches. The first demonstration of this (see Fig. 1.9(c)) showed scan angles

of 22 ○TOSA at 0.72kHz with 16V actuation for the mirror axis and 8 ○ TOSA at 0.9kHz

with 22V actuation for the frame axis [93,100]. Improvements to the angular range can

be shown by modifying the mirror towards a more elliptical shape [101] and also by an

adapted spring design for linearising the spring behaviour [102]. This lead to an optical

scan range of up to 112 ○ x84 ○ TOSA at resonance frequencies of 1 kHz and 16kHz

respectively, with also including a piezo-resistive sensor for integrated measurement of

the instantaneous angular position of the mirror.

Offset vertical comb-drive actuators

Two different schemes are generally used to create an initial offset between the fixed and

moving combs, allowing the possibility of static scan angles with comb-drive actuators:
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staggered vertical comb-drives (SVC) and angular vertical comb-drives (AVC).

SVC actuators have moving and fixed combs which are in their rest position parallel

but show a vertical offset (see Fig. 1.10(a)), generally created by using several different

device layers during fabrication. A summary of current fabrication processes for this

type has recently been published by Gallagher et al. [103]. The first actuator of this

type was shown by Selvakumar et al. [75] using several polysilicon layers and allowing

vertical deflection. The use of polysilicon allows in this case multiple device layers

and a step by step structuring, which also enables the fabrication of movable combs

underneath the mirror surface [104] (see Fig. 1.11(b)) at the cost of reduced quality

of the material properties and thinner device layers compared to single crystal silicon

devices. With these designs, 2 degrees of freedom joints can be implemented to allow

2D scanning mirrors with static displacements of 26.8 ○ TOSA in both axes [105]. The

alignment between fixed and moving combs is important to avoid a sidewards pull-in

of the comb-drive. This alignment accuracy requirement leads to several demonstrated

fabrication steps to ensure the alignment. Fabrication with etch steps from only the

front-side of the chip have been shown with two device layers and an oxide etch stop for

the moving combs [106, 107]. This leaves the fixed combs made up of two electrically

separated parts which can be used for combined piston and tip/tilt actuation. Static

scan angles of 11 ○ TOSA and 7 ○ TOSA for a 2D scan have been demonstrated with

devices having resonant deflection angles of 23 ○ TOSA at 1.18kHz and 17 ○ TOSA at

2.76kHz [107]. Variations of this use a rough backside etch for removing the lower

device layer part of the moving combs to achieve SVC without overlap [108] or wafer

bonding of the two device layers with a rough front side etch underneath the moving

combs and alignment of the comb-drive through a final front side etch step [109, 110].

Recently, direct alignment of front and backside etch steps has also been used with

high fabrication precision to allow single etch steps for both moving and fixed combs

[111, 112]. A 2D scanner with this comb fabrication was shown combining a slanted

comb-drive design to increase the static displacement over a common rectangular comb-
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(a) (b) (c)

Figure 1.11: Examples of offset vertical comb-drive actuators: (a) 2D scanner with
slanted SVC comb-drive [111], (b) polysilicon scanner with SVC comb-
drives underneath mirror surface [104], (c) AVC with tilted moving combs
[89].

drive [113](see Fig. 1.11(a)). Additional functionality for scanning mirrors with SVC

was also recently presented by including a deformable mirror on the SVC actuated

device through electrostatic actuation of a ring electrode underneath the mirror plate

[112].

AVC actuators have their fixed or moving combs angled in their initial rest position

to create the possibility of static displacements (see Fig. 1.10(b)). To create the initial

angle between the combs three routes have been exploited so far: pre-tilting the whole

mirror, tilting the moving combs or tilting the fixed combs. To tilt the whole mirror

a frame around the mirror anchors can be used and tilted by 45 ○ through reflow of

photoresist at the hinges between frame and substrate [114, 115] with achievable scan

angles of 19 ○ TOSA at 1.1kHz resonant actuation. Alternatively the mirror can also

be pre-tilted by a thermal actuator connected to the torsion bar in combination with a

latch mechanism [116] or by plastic deformation of the torsion beam using a lid wafer

to statically tilt the mirror in an oven heat cycle [117]. To change the angle of the

moving combs a hinge on the connection between the mirror anchors and the moving

combs is used which can be angled with the reflow of a photoresist deposited on the

hinge [89, 118, 119](see Fig. 1.11(c)). A 2D scanner using this approach shows static

rotation angles of 24 ○ TOSA and 16 ○ TOSA for the inner and outer gimbal actuator

with possible resonance movement frequencies of 315Hz and 144Hz. The most common

approach to create an AVC device is by tilting the fixed combs. This can also be done
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by using the reflow of a resist on hinges on the combs [120], by using capillary forces

during drying to pull down an anchor pad of the fixed combs [121], by using a constant

mechanical displacement of a pad connected to the fixed combs [122] or by using a

non-actuated thin bimorph structure between the substrate anchor of the fixed combs

and the combs themselves, which curls due to heat cycles during fabrication [123, 124].

Optical scan angles for an example using the mechanical displacement have shown static

tilts of 28 ○ TOSA for the outer part of a gimbal 2D structure and 40 ○ TOSA resonant

movement at 23.5kHz for the inner part.

1.2.6 Piezoelectric scanning mirror

A further actuation mechanism for inducing tilt movements of scanning micromirrors is

the inverse piezoelectric effect, which describes a mechanical strain in the crystal struc-

ture of a piezoelectric material induced by an applied voltage difference. This strain can

lead to bending of the actuators, similar to the induced displacements in thermal actu-

ators, which can be used to drive static or resonance tilt movements of microscanners.

The most common piezoelectric materials used in MEMS systems are lead zirconate ti-

tanate (PZT), barium titanate (BTO), zinc oxide (ZnO) and aluminium nitride (AlN).

So far demonstrated MEMS scanners are using PZT as the active piezoelectric material,

while ZnO has been a common material for MEMS microphones and BTO having been

mostly replaced by PZT. AlN has only recently been commercially available for thin

films with accurate fabrication [125] and has so far been shown in MEMS microphones,

but not in scanning mirrors.

Piezoelectric actuation in MEMS scanning mirrors has the advantages of low actu-

ation voltages in the single digit voltage range combined with a possibility for static

displacement as well as dynamic resonant movement in the tens of kHz range. The fab-

rication and integration possibilities in silicon fabrication processes have only recently

allowed investigations with a variety of device designs.
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(a) (b) (c)

Figure 1.12: Piezoelectric actuated scanning mirrors with (a) external PZT stack as
actuator [126], (b) PZT film deposited on frame around 2D scanning mirror
[127] and (c) 2D scanning mirror with meander PZT springs for slow scan
and PZT film on mirror frame for resonant fast scan [128].

Piezoelectric actuated microscanners have been shown with two generic actuation

principles, a scanning mirror structure combined with an external stack of PZT lay-

ers [126,129] or scanning mirrors where in general a single PZT layer has been integrated

in a frame or anchor structure of the mirror [58,127,128,130,131] to create the scanning

movement actuation. By using an external PZT stack only resonant actuation of the

scanner can be achieved, with the vibration of the PZT coupled to the micromirror via

the anchor beams [126]. An example for this type of mirror is shown in Fig. 1.12(a)

where optical scan angles of 50○ at resonance frequencies around 30kHz are shown for

actuation voltages as low as 2V. With the possibility of integrating piezoelectric layers

into a silicon or metal based MEMS micromirror fabrication process, the active lay-

ers can be integrated directly with the micromirror structure on an external frame for

creating a resonance actuation with minimal surface deformation of the mirrors [127]

(see Fig. 1.12(b)). This device shows optical scan angles of up to 38.5○ at a resonance

frequency around 40kHz, with actuation voltages of 25V [127]. A 2D scanning mirror

including a slow and fast scan axis with individual PZT actuators has also been demon-

strated [128]. In this case a PZT layer at a mirror frame creates a fast resonant scan,

while PZT layers deposited on serpentine springs allow a slow orthogonal scan axis with

a frequency of 60Hz (see Fig. 1.12(c)). The fast scan is set at a resonance frequency

of 11.2kHz leading to optical scan angles of 39○ with an applied voltage of 40V, while

the slow scan leads to an optical scan angle of 29○ for the same applied voltage. A 2D
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raster scan projection was demonstrated with perfect rectangular shape.

1.3 MEMS in laser systems

The use of MEMS in laser systems has first found interest during the telecommunica-

tions boom in the late 1990s, where notably tunable diode-lasers and widely tunable

filters using MEMS technology were investigated for their prospects of miniaturization,

cost-effective fabrication and added functionality. More recently the use of MEMS

devices as active elements for generating pulsed laser outputs has also seen increased

research interest. In this section an overview of MEMS demonstrated so far as active

elements in laser cavities will be given.

1.3.1 Spectral tuning of the laser output

Tuning of the output wavelength of a microchip laser, a fibre laser or a vertical cavity

surface emitting laser (VCSEL) is of high interest in the telecommunication industry,

as it enables the possibility to create flexible optical networks. The two main principles

used for spectral tuning are a change of the laser cavity length and the combined use

of a grating and tilting mirror. A change of the cavity length will change the spacing

of the longitudinal laser modes and, if the initial spacing is large enough, shift the

wavelength of a single mode laser output through this. The use of a grating as tuning

element works by diffracting different wavelength under different angles on the grating

and using a rotating mirror to select which wavelength is fed back to the system.

Wavelength tuning using MEMS in VCSEL systems was demonstrated in the 1990s

with increased research interest in applications in the telecommunications industry

during that time. An overview of early tuning schemes was presented by Chang-

Hasnain [132]. In MEMS VCSEL systems the cavity length is tuned by electrostatic

actuation between the semiconductor gain structure and a cantilever or membrane dis-

tributed Bragg reflector (DBR) [133], or by electrothermal actuation of the supports of
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the output DBR [134]. This leads to a change in the distance between the gain medium

and reflector and therefore the tuning of the emission wavelength of the VCSEL. Re-

cently a membrane DBR with four support beams with electrothermal actuation was

shown to achieve a tuning range of 20nm with the dielectric layers of the DBR being

doped with silicon to enable electrical conductivity for the thermal actuation [134]. A

similar approach using tuning contacts on the top dielectric layer has also shown a

singlemode tuning range of 50nm [135]. To avoid current flow through the top DBR a

single cantilever support structure for the DBR has also been shown recently to achieve

tuning of the output, albeit by a reduced tuning range of around 5nm [136].

Different approaches for spectral tuning of microchip laser by means of MEMS mir-

rors are reviewed by Liu and Zhang [137]. Tuning the cavity length was, for example,

achieved with an in-plane comb-drive actuated curved mirror with a laser output wave-

length tuning range of 13.5nm [138]. The use of a grating for wavelength discrimination

has also been shown with a rotating MEMS mirror in combination with an etalon as

a wavelength selective element and a tuning range of 40nm with a lasing linewidth

smaller than 50kHz [139].

For a fibre laser, the approach of a grating-based wavelength tuning can also be

used and has been shown by using a commercially available digital micromirror device

(DMD) from Texas Instruments to select individual wavelengths [140]. Alternatively

a tunable Fabry-Perot cavity inside a fibre ring laser can be used, which has shown a

tuning range of 35nm with a spectral width smaller than 0.06nm [141].

1.3.2 Adaptive optics in laser systems

Intra-cavity tuning of the spatial properties of a laser changes the mode structure of the

laser resonator and can be used to stabilize a cavity under load. Especially in higher

power solid-state lasers, where thermal distortion created by the laser within its gain

medium limits power scaling of the output, possible applications for tuning the spatial
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profile of the laser can be seen. Spatial tuning of the intra-cavity electromagnetic

field of the resonator can, in principle, be applied from changing the curvature of a

cavity mirror to a multi-actuator adaptive optics mirror for an in-depth tuning of the

cavity mode shape. A stepping stone for using adaptive optics MEMS mirrors was

the commercial availability of an electrostatic actuated membrane deformable mirror

fabricated by OKO Flexible Optical from 1997 onwards [142, 143]. This mirror was

available at the fraction of the price of other commercially available systems at the

time due to advantages of MEMS bulk fabrication processes. This enabled easy access

to adaptive optics for a multitude of research fields. The specific mirror consisted of

a silicon nitride membrane suspended above an array of 37 actuators in a honeycomb

arrangement, which deform parts of the membrane due to the electrostatic force created

by an applied voltage to the actuators.

Using an adaptive optics mirror allows for the correction of higher order aberrations

(introduced by the thermal load inside the gain medium) with a higher accuracy and

can therefore be used, in cooperation with a feedback loop, for real time optimisation of

the intra-cavity optical field of solid-state lasers with high thermal defocusing and bire-

fringence effects [144]. The adaptive optics mirror consists in this case of a deformable

membrane mirror with a circular array of actuators which change the overall shape of

the mirror surface. Similar adaptive optics mirrors using piezoelectric unimorph actua-

tors underneath a glass membrane to generate the mirror deformation were also shown

for continuous wave intra-cavity laser use. High reflective coatings applied to the glass

membrane allowed in this case power handling capabilities of about 500W of a 1030nm

laser output [145]. These mirror types were initially developed for astronomy applica-

tions to correct for the disturbance of earth’s atmosphere [146] as well as in medical

applications for improved image quality in microscopy systems [147].

Changing the spatial profile of the cavity can also be used for creating a pulsed laser

output if the cavity is designed at a point close to the stability limit. Further definition

of the cavity stability will be given in chapter 4. A change in the mirror curvature
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will therefore change the cavity quality to allow or hinder the propagation of a stable

intra-cavity optical field, which creates a pulsed output when repeatedly switching the

mirror curvature between these two states. Pulsed output with pulse durations in the

range of 25µs has been demonstrated with this technique [148].

1.3.3 Temporal tuning of the laser output

The use of MEMS as intra-cavity temporal tuning elements in solid-state and fibre

laser systems has only recently started to attract attention, with MEMS devices being

investigated to replace common bulk switches like acousto-optic modulators (AOM)

or electro-optic modulators (EOM). Using MEMS reflective devices can reduce intra-

cavity losses due to the removal of an additional optical element in the cavity. Further

advantages are the less demanding electrical driving requirements of the MEMS devices,

as no high voltage radio-frequency driving components are needed as is the case for

AOM or EOM.

In general, temporal tuning of the laser output can be achieved with three differ-

ent methods: gain-switching, Q-switching and mode-locking. Gain-switching creates

output pulses with a fast modulation of the gain via the pump power of the laser,

for example by inserting a short current pulse for a diode laser or by short pulsed

optical pumping. MEMS devices are not suitable for this method as they modulate

the loss of the laser and not the gain directly. The generation of pulsed outputs with

MEMS devices for Q-switching and mode-locking will be discussed in the two following

sub-sections.

Q-switched pulse operation

Q-switch operation of lasers works by using a modulation of the losses of the laser cavity

to achieve a pulsed output. Initially the losses are set to a high value during which the

laser pump builds up a high inversion density inside the gain medium which is above
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the threshold density required for lasing. When the cavity losses are switched to a low

value, this high inversion density creates a fast build up of laser radiation from noise,

which is amplified over multiple cavity round trips. Due to an inversion level well above

threshold a high intra-cavity power is present, which therefore depletes the upper laser

level well below the threshold inversion density and ends the pulse. After this point

the losses in the cavity are switched to a high value again to allow the pump build up

of the upper laser level for the next pulse. A more detailed description will be given in

chapter 4.

So far, MEMS devices have been demonstrated as active Q-switches for microchip,

fibre and solid-state laser. A piezoelectric actuated polymer mirror was used in a

Nd:YVO4 microchip laser to generate Q-switched output pulses by vibration of the

mirror surface [149]. Pulse durations of 16ns with an average output power of 1.1mW

were achieved with this setup. The unimorph piezoelectric mirror consisted in this case

of layer pairs of different polymers, creating an inherent reflectivity of 87% at the lasing

wavelength of 1064nm. The combination of an active MEMS Q-switch scheme with a

passive saturable absorber Q-switch was also demonstrated for a microchip laser [150].

The short pulse duration of 565ps was generated by the saturable absorber while the

repetition rate of 1.7kHz was determined by the MEMS cantilever and achieved an

average output power of 3.24mW. The MEMS cantilever is similar to the device shown

in Fig. 1.13(a) and consists of a metallic stack of gold and chrome layers suspended

above a SiO2 layer on top of a silicon substrate. The cantilever is actuated using

an electrostatic force due to a potential difference applied between the actuator and

substrate.

The use of MEMS as active Q-switches in fibre laser systems has been demonstrated

with several MEMS mirror concepts. A polysilicon electrostatic parallel-plate actuated

mirror was used in a Nd-fibre laser system allowing pulse durations of 2µs at repetition

rates of 20kHz and average output powers < 200mW [151]. Metallic membrane mirrors

were also presented as active Q-switches for Er-doped fibre laser with 320ns pulse
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(a)

(b)

Figure 1.13: (a) Electrostatic metallic MEMS cantilever used for creating Q-switch ac-
tuation in a (b) fibre laser setup by focusing the output of an open fibre
end onto the cantilever [153].

duration and 30mW average power as well as for a combined Yb- and Er-fibre laser

setup [152]. The combination of the two fibre lasers is realised within the fibre with a

wavelength division multiplexer (WDM) to direct both lasing wavelengths on the same

membrane mirror. The laser outputs were then amplified by a ytterbium and erbium

doped fibre amplifier, respectively, which created average output powers of 250mW

per fibre at 1.9µs pulse durations. A further MEMS device demonstrated as an active

Q-switch for fibre lasers is a metal cantilever structure (see Fig. 1.13) which has shown

pulse durations of 20ns with 80mW output power in a single Yb-fibre laser [153]. The

cantilever is 1.1µm thick with a top and bottom gold layer surrounding a thin chrome

layer to gain an initial curvature of the cantilever. The electrostatic actuation of the

cantilever allows movements up to about 200kHz between the curved rest position and

the position of the cantilever attracted to the substrate. The Q-switched laser output

of maximum 80mW average power was achieved with a repetition rate of 200kHz and

pulse durations of 20ns, with the open side of the fibre laser output focused down

to a 8µm spot size on the MEMS. An array of similar cantilevers has recently also

been shown for synchronization of multiple fibre laser with pulse durations of 400ns

and pulse energies of 25nJ at repetition rates of 20kHz [154]. Multiple fibre lasers

were in this case arranged in a parallel alignment to guide the individual fibre outputs

on the electrostatic cantilever array. Multiplexing of the individual laser outputs was
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then achieved through a wavelength division multiplexer to combine the laser outputs

with slightly different wavelength, defined by the fibre Bragg gratings used as output

couplers of each laser. MEMS active Q-switching in solid-state lasers has also been

presented with a silicon scanning micromirror operated at its mechanical resonance,

with achieved pulse durations of 220ns and an average output power of 20mW in a

Nd:YLF laser cavity [5]. The investigations in this thesis are based on this work using

scanning micromirrors of a generic similar design.

Mode-locked pulse operation

Mode-locked operation of laser systems can create even shorter pulses than Q-switching

and is based on locking the longitudinal modes in the laser resonator with a fixed phase.

This leads to a periodic constructive interference of the modes which creates a pulse

train. The fixed phase is created by modulating the cavity losses with a frequency equal

to the inverse of the cavity round-trip time. The pulse duration is then determined by

the number of interfering longitudinal modes, with a higher number of modes (wider

bandwidth of the laser) leading to shorter pulse durations.

The use of a MEMS membrane mirror with a high vibration frequency was recently

presented as an active mode locking element for an erbium based fibre-laser system [155].

Parts of the membrane were vibrating at a frequency of 4.96MHz with quality factor

changes of the laser cavity in the single percent range, which created a pulse train with

1ns pulse duration and average power of 100mW. A pulsed output was only achieved

when the membrane vibration frequency matched the cavity free spectral range, which

is the inverse of the cavity round-trip time, confirming the operation in the mode-locked

regime.
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1.4 Summary

In section 1.1 commonly used MEMS fabrication processes and materials were reviewed

combined with some of the most common sensing and actuation principles employed

using MEMS. Section 1.2 reviewed actuation principles and application areas of MEMS

scanning micromirror, with emphasis on electrostatic actuated scanning micromirror,

which is the device category investigated and used in the further presented work. In

the final section 1.3 the integration of MEMS in laser systems was reviewed, showing

spatial, spectral and temporal tuning applications.
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2 Theoretical model of an electrostatic

resonant scanning micromirror

In this chapter a theoretical model describing the dynamic motion of electrostatic comb-

drive actuated scanning micromirrors is presented and discussed. The special case of

angled vertical offset comb-drive (AVC) actuators is used, as all following investigations

in further chapters will use this type of device. This geometry is resulting from the

used SOIMUMPs multi-user fabrication process which creates an intrinsic stress in

the single-crystal silicon (SCS) device layer [156] leading to an intrinsic AVC geometry.

Comb-drive actuated microscanners are chosen due to their possibility for a high optical

angular displacement range of > 90○ at resonant actuation and low power consumption

in the µW range, as the desired application, namely the use as intra-cavity Q-switch

elements in laser systems, requires fast movement speeds in the range of 1⋅104 rad s−1 for
the angular velocity. Another possible scanning mirror choice could have been the use

of electromagnetic actuated microscanners, but the available fabrication process for the

mirror designs, namely SOIMUMPs, does not allow multi-loop tracks or ferromagnetic

layers on the mirror surface, therefore limiting the range of designs of this class of

devices.

Previous investigations of theoretical models for electrostatic AVC actuated micromir-

rors have focused on expressions for static tilt displacements, using for example ana-

lytical expressions without the consideration of electrical fringe fields [123, 157]. As
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fringe fields can play an important role for the angled offset comb-drives, a hybrid

approach combining FEM simulations for the electrical field distribution and analyt-

ical expressions for the static tilt motion has also been shown [119] and was applied

to several mirror geometries [89, 120]. For the description of the dynamic resonance

motion of an AVC, a model using fit parameters to experimentally obtained results has

been presented so far [115]. The methodology followed in this chapter is combining the

two last mentioned approaches and is using a hybrid approach of FEM simulations for

determining the electrical field distribution and analytical expressions for the dynamic

motion equation. In this case, only the damping related factor needs to be determined

experimentally, as a closed analytical description for the damping of a microscanner is

outside the scope of this thesis. All other parameters can be defined prior to fabrication

of the scanning micromirror.

In the following section the theoretical basics of the motion equation and its parame-

ters will be explained, followed by an introduction to nonlinear effects and their inclusion

in the described simulation model, which can have an influence on the displacement

behaviour of the micromirrors. As the comb-drive actuators will have vertical height

offsets in the range of up to 50µm during the resonance movement, fringe field effects

have to be considered for determination of the applied electrostatic torque. This will be

discussed in the next section including the model description. The chapter will finish

with a verification of the developed model using experimental data from an exemplar

fabricated scanning micromirror.

2.1 Movement equation for resonant behaviour

The tilting electrostatic scanning micromirrors used for the work described in this thesis

can be categorised as damped forced oscillators with a single degree of freedom, the

tilt angle θ. A linear motion of these can be modelled in the case of a single frequency
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excitation and linear viscous damping with the general motion equation [158]:

ẍ + 2µ ẋ + ω2
0 x = F, (2.1)

where x is the movement parameter, µ is a factor related to the damping, ω0 is the

angular eigenfrequency of the system and F is the external excitation force. For the

specific case of the tilt movements used in this work the equation can be adapted to [115]

θ̈ + 2 ξω0 θ̇ + ω2
0 θ =

T ′ (θ, t)
Iθ

. (2.2)

θ [rad] is here the mechanical tilt angle of the mirror surface, ξ is the damping coefficient,

T ′ (θ, t) [Nm] is the time- and angular-dependent external applied torque and Iθ [kg m2]
the torsional moment of inertia of the microscanner.

The viscous damping of the movement, represented by the term 2 ξω0 θ̇, occurs due

to air damping on the mirror surface and possible squeeze film damping between the

combs of the electrostatic comb-drive actuators. Exact modelling of these effects is

a complex task especially due to large movements combined with small feature sizes

and gaps and is therefore not pursued in this work. An alternative way to estimate

the damping coefficient ξ requires the prior knowledge of the Q-factor of the frequency

response curve as these two parameters are related via [115]

ξ =
1

2Q
. (2.3)

The Q-factor itself is defined as

Q =
f0

f2 − f1 , (2.4)

with the centre resonant frequency f0 and the bandwidth f2 − f1, where f2 and f1 are

the movement frequencies at which the angular response of the mirror has dropped to

1/√2 times the maximum angle. This approach of estimating the damping coefficient

is also used by some of the simulation models referenced in the previous section.
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Overall length 1.75mm

Circular mirror,

diameter 400 mm
Rectangular torsion beam

length 680 m, width 30 mm m

fixed combs,

N=10, l=160 m, w=10 mm m

Anchor pad,
fixed to substrate

Figure 2.1: Top view layout of an exemplar comb-drive actuated SOI (silicon on in-
sulator) resonant scanning micromirror with circular mirror surface and
rectangular torsion beams.

The angular eigenfrequency ω0 = 2πf0 of the device is part of the damping represen-

tation and also used for the spring related part of the motion equation, represented by

the term ω2
0 θ. It can be calculated through

ω2
0 = kθ/Iθ, (2.5)

which is the ratio of the torsional spring constant kθ and the already mentioned torsional

moment of inertia Iθ. Both these parameters can be calculated using the geometry def-

initions and material properties of the micromirror. Iθ of an exemplar micromirror

structure, as shown in Fig. 2.1, can be approximated in first instance with the combina-

tion of the moments of inertia of a disc Idisc =
1
12

mdisc (3 r2 + h2) and two rectangular

beams with Ibeam =
1
12

mbeam (h2 +w2), neglecting the influence of the combs attached

to the torsion beams. mdisc and mbeam are the mass of the disc and beam respectively,

r is the radius of the disc, h is the device thickness and w is the width of the torsion

beams. With this, the overall torsional moment of inertia can be estimated as

Iθ =
1

12
ρh [2w l (h2 +w2) + r2 π (3 r2 + h2)] . (2.6)

The parameter ρ is the density of single crystal silicon and l the length of the two

identical torsion beams. For more complex shapes and a higher accuracy determination
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of the moment of inertia a geometric eigenfrequency FEM simulation can be used. As

FEM tool the software COMSOL Multiphysics is used here in which the torsional

moment of inertia for a simulated geometrical structure can be determined by using a

volume integration over the expression ”solid.rho*(Yˆ2+Zˆ2)” of the simulation results.

In this case the considered torsion axis for the moment of inertia has to be aligned with

the x-axis of the simulation.

The spring constant kθ is defined mainly by the two torsion beams whose contribution

can each be calculated for constant cross-section rectangular beams, where the width

w is bigger or equal to the thickness h, with [159]

kθ,beam =
Gwh3

l
[1
3
− 0.21( h

w
)(1 − h4

12w4
)] . (2.7)

G is in this case the shear modulus of silicon. The results of the already mentioned

eigenfrequency FEM simulation can be used for a more accurate representation in

equation (2.2) instead of the analytical calculated combination of spring constant and

torsional moment of inertia. For an accurate FEM result the anisotropic material

properties of the single crystal silicon used for the MEMS micromirrors need to be

considered in this case, which are shown in table 2.1 later in this chapter.

The external torque T ′ (θ, t) inducing the movement is created by electrostatic comb-

drive actuators and can therefore be expressed by the change of the capacitance between

the comb electrodes dC
dθ

and the applied voltage V (t) in the form [89]:

T ′ (θ, t) = N ′ 1
2

dC

dθ
V (t)2 . (2.8)

N ′ represents in this case the number of gaps between the moving and fixed combs

in which the electrical field is present. The time dependent components of this torque

are the applied voltage, which is in general a sine-wave or square-wave signal with a

frequency around the mechanical resonant eigenfrequency of the mirror or a harmonic

of it, and the differential capacitance, which depends on the overlap of the comb fingers
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which changes in time. The exact determination of this differential capacitance distri-

bution and its implementation in the theoretical model is shown at a later stage in this

chapter.

The mentioned case of excitation signals taking the form of higher harmonics of

the device resonance frequency is originating from the nonlinearities in the motion

equation which are discussed in section 2.2. In this case the steady state oscillation

of the device is adjusted through the nonlinearities to result in a movement around

the device resonance, even though the excitation is at the harmonic. If the excitation

frequency is an integer multiple of the device oscillation these are called sub-harmonic

resonances while an excitation with a harmonic frequency having the form of an inverse

integer multiple of the device oscillation is called super-harmonic resonance. A detailed

analysis and discussions of these effects can be found in [158]. For the devices used in

this thesis a sub-harmonic driving is partly used in the application of MEMS scanning

mirrors in laser systems, but is not relevant in this chapter or the investigation of

general properties of AVC actuated micromirrors discussed in the following chapter.

With the above discussed parameters a solution to the second order ordinary differ-

ential equation (ODE) in (2.2) can be calculated using a numerical approach. This is

done with the software Matlab using an in-built function ODE45 which is a generic

solver for first order ODEs. The equation

θ̈ = −2 ξ ω0 θ̇ − ω2
0 θ + 1

2

dC

dθ

V (t)2
Iθ

(2.9)

therefore needs to be reduced from its second order form to a first order description.

This can be done by splitting it into a system with two first order equations using two

variables for θ in the form [115]

θ̇1 = θ2

θ̇2 = −2 ξ ω0 θ2 − ω2
0 θ1 + 1

2

dC

dθ1

V (t)2
Iθ

(2.10)
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Figure 2.2: Effect of nonlinearities in the motion equation on the frequency response
curve of an oscillator with no effective nonlinearity, spring hardening be-
haviour and spring softening behaviour; dotted parts can not be achieved
in physical system.

θ1 represents the original tilt angle θ, with θ2 being the first time derivative of the angle

θ̇. To solve this system of ODEs the initial conditions for both variables θ1 and θ2 need

to be defined, as well as a time span for which a solution is sought. The resulting

solution of the ODE45 function is the time response of θ1 and θ2 from which a scan

angle for the defined input parameters can be determined after the system has settled

to a stable resonance.

2.2 Nonlinearities

Nonlinearities will start playing a role in the movement behaviour of the microscanner

for actuation cases reaching tilt angles or displacements above a certain threshold which

varies depending on the design and materials of the chosen scanner. These nonlinearities

originate from two different effects. First the electrostatic excitation, as the differen-

tial capacitance includes higher order terms of θ, and secondly a mechanical related

nonlinearity in the torsion springs which are used to suspend the mirror structure.

The nonlinearities result in an effective ”softening” or ”hardening” behaviour of the

frequency response curve (see Fig. 2.2), with the spring related nonlinearity being in

general responsible for the hardening behaviour and the electrostatic force nonlinearity

being responsible for the softening behaviour [160]. Nonlinear softening behaviour is
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related to the frequency response curve showing a tilt of a previously symmetric reso-

nance curve towards lower frequencies, up to the point where multiple stable solutions

exist for one particular excitation frequency and therefore jump discontinuities and

hysteretic behaviour will occur. Nonlinear hardening behaviour will on the other hand

lead to a tilt of the frequency response curve towards higher frequencies with the same

possible effects as mentioned for the softening behaviour. In the nonlinear behaviour

schematic graphs in Fig. 2.2 the dotted lines represent non-existing solutions, as these

parts can not be achieved through a frequency up- or down-sweep of the excitation

signal. In the case of nonlinear hardening behaviour a frequency up-sweep will lead to

a jump from the highest oscillation amplitude to the point on the lower light curve with

equal frequency while a frequency down-sweep will lead to a jump from the lowest point

on the dotted line to the higher light curve with again equal frequency. Therefore no

point on the dotted line can be created as it represents an unstable frequency response.

The effect of these nonlinearities needs to be considered when the respective device

should be operated at its highest possible tilt angle.

2.2.1 Electrostatic nonlinearity

The electrostatic excitation introduces a nonlinear forcing term due to the dependency

of the differential capacitance on higher order terms of the tilt angle θ, which can in

general be written in the form of a power series [115]

∂C

∂θ
= C0 +C1 θ +C2 θ

2 +C3 θ
3 . . . (2.11)

where C1, C2, C3, ... are constants to fit to the physical capacitance dependence. C1

will change the effective resonant frequency of the scanning mirror as it modifies the

spring related part of the motion equation (2.9) to −ω2
0 + C1

V (t)2

2Iθ
. This modification

combined with the effect of the higher order terms will lead to the influence of the

nonlinear softening behaviour.
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2.2.2 Mechanical nonlinearities

The mechanical nonlinearities present in the scanning mirrors have two origins with a

material related factor due to nonlinearities in the material parameters, especially the

Young’s modulus, and a geometry related factor which originates from the deformation

of the physical shape of the torsion bars during the movement. The nonlinearity in the

Young’s modulus has hereby a strain dependency whose effect is showing an influence

during higher angular movements [161]. For both origins of the mechanical nonlinear-

ities an accurate and complete mathematical description is beyond the scope of this

section, especially with accurate nonlinear material parameters missing so far in the

literature. To nevertheless include the effects in the mathematical description of the

motion equation a nonlinear spring constant can be assumed in the form

kθ = k0 (1 + k1 θ + k2 θ2 + k3 θ3 + . . .) . (2.12)

k0 is hereby the linear spring constant, which has been defined analytically above and

k1, k2, k3, ... are the nonlinear spring constants for the quadratic, cubic, etc. nonlinear-

ities introduced by the mentioned mechanical effects. Approaches to determine these

constants are possible in the form of fits to FEM simulations [43] or by fitting to ex-

perimentally obtained data [162]. For resonator structures which are designed to be

symmetric in their displacement, which is the case for the tilt resonances discussed in

this thesis, the quadratic nonlinear spring constant term k1 θ can be neglected [162].

The cubic nonlinearity k2 θ
2 is therefore the governing mechanical nonlinear factor in

this case.

2.3 Fringe fields and differential capacitance

The differential capacitance ∂C
∂θ

, governing the torque factor in the motion equation, is

determined by the electrostatic comb-drive actuator shown in Fig. 2.3, which is used
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Figure 2.3: Schematic of the used comb-drive actuators with all functional parts defined
in the silicon-on-insulator (SOI) device layer.

for the devices discussed here. The comb-drive consists of finger electrodes connected

to the torsion beam of the microscanner, therefore classed as moving combs, which are

interlaced with finger electrodes connected to the substrate, therefore classed as fixed

combs. The substrate connection of the fixed combs is created, for the devices discussed

here, by a group of four connection beams coated with a 1.1µm thick gold layer. This

will create an out-of-plane curvature, due to intrinsic stress in the SOI layer and thin

film stresses introduced by the gold layer, that leads to an initial tilt angle between the

two comb categories. The actuator is therefore classified as angled vertical comb-drive

(AVC) whose influence will be investigated in detail in the next chapter. The fixed and

moving parts of the comb-drive have the same thickness, with the tilt movement of

the actuated micromirror changing the instantaneous overlap of each comb-pair. This

movement offset combined with the initial offset leads to the necessity to consider the

vertical fringe fields of the electrical field created between the comb electrodes when a

potential difference is present between them.

To accurately determine the electrical field distribution of the comb-drive which is

governing its capacitance, a 2D FEM simulation is used. This is similar to the work

presented in [119], with the aim to reduce computational requirements and increase the
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Figure 2.4: (a) Electrical potential distribution of a unit comb-drive cell for varying
height differences and (b) resulting electrical energy density distribution of
a unit cell for varying height difference.

simulation speed. For the FEM simulation of the electrical field a unit cell between

two comb-fingers with 10µm thickness is used, consisting of the cross-section of half

a moving finger and half a fixed finger (see Fig. 2.4(a)). The simulation is built-up

using the FEM tool COMSOL Multiphysics. The geometry of the unit cell needs to

be defined to solve the electrical field distribution, with the two rectangular electrodes

modelling the cross-section of the half-combs and a surrounding box modelling the

air surrounding the combs. The vertical position of one of the half combs is defined

via a variable to allow a parametric sweep in the solver, generating the electrical field

distributions of the varying offsets over the length of a comb. The material properties

of the half-combs are set to the single crystal silicon properties defined in Table 2.1,

with the applied potential difference being modelled with a voltage terminal of 80V at

the circumference of the fixed comb and a voltage terminal of 0V at the circumference

of the moving comb. The resulting electrical potential distribution of the electrostatic

simulation for each comb-offset is used to calculate the electrical energy density we

using a surface integration over the full air cavity. The resulting dataset is shown in

Fig. 2.4(b) with the influence of the fringe fields clearly visible with a non-zero energy

density for height difference values larger than the comb-finger height of 10µm.

To calculate the capacitance of the whole comb-drive from these 2D FEM results an
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integration of the energy density needs to be conducted over the length of the moving

comb, taking into account the changing height between the moving and fixed combs

due to the AVC actuator geometry. In this case the curvature along the combs, which

results from the chosen fabrication process, is neglected and the combs are assumed to

be straight. The capacitance calculation can then be done in the form [163]

C(θ) = N ′ ⋅ 2

V 2
FEM

l1

∫
0

we (z(l, θ))dl . (2.13)

For the distribution of the energy density we a 8th order Fourier fit to the graph in

Fig. 2.4(b) is used for the calculation in Matlab. C(θ) is the capacitance of the whole

comb-drive for a specific tilt angle θ of the micromirror, N ′ is the number of gaps

between the comb fingers, VFEM is the voltage used to create the potential difference

in the FEM simulation of the electric field, l1 is the length of the comb overlap and z(l, θ)
is the function of the height difference between a moving and fixed comb, dependent on

the micromirror tilt angle and the integration variable l along the moving combs. For

an AVC actuator this height difference takes the form

z(l, θ) = l ⋅ sin(θ − θi) + z1 + l2 ⋅ sin(θ) (2.14)

with the variable definitions shown in Fig. 2.5. l is the length variable for the integration

along the moving comb, θi the initial angle between the moving and fixed combs in their

rest position, z1 the vertical offset at the end of the fixed combs and l2 the distance

between the tilt axis of the micromirror and the end of the fixed combs. The values for

these parameters are calculated from measurements of the actual height distribution

after fabrication of the actuators.

To gain the capacitance distribution over the whole angular movement range equation

(2.13) is evaluated for varying tilt angles between ±22.5○. With this distribution a

differential capacitance can be determined over the same movement range by using the
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Figure 2.5: Schematic side view of a comb pair with parameter definitions for the cal-
culation of the height difference function z(l, θ).

approximation of a difference quotient in the form of

∂C(θ)
∂θ

≈

C(i) −C(i − 1)
θ(i) − θ(i − 1) . (2.15)

The values of this approximation are then fitted with a 20th order Fourier series that

can be used for the numerical solution of the system of first order ODEs in (2.10).

2.4 Model verification with example scanner

In the following section the described simulation approach will be implemented using

experimentally obtained data of an example scanning micromirror.

2.4.1 Design parameters

The design of the used micromirror is shown in Fig. 2.6. The mirror surface has a

diameter of 400µm with rectangular torsion beams with a length of 675µm and width

of nominally 30µm as anchor connections to the substrate. Four comb-drives are sym-

metrically distributed around the torsion beam with the 160µm by 10µm fixed combs

of the comb drive having a closest distance to the mirror of 90µm and a lateral spacing

between two combs of 6µm. The fixed combs are anchored using the already mentioned

four connection beams having a 1.1µm gold coating on them. All parts are designed
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Figure 2.6: Design layout of the exemplar used SOI scanning micromirror to verify the
simulation approach.

in the same device layer, which is made up of 10µm thick doped single crystal silicon.

The moving parts and connection beams of the fixed combs are all fully released using a

backside etch step on the substrate used as handle wafer for the device. The fabrication

of the device is done by using a multi-user silicon-on-insulator process (SOIMUMPs)

offered by the company MEMSCAP Inc. An AVC actuator geometry is in this process

intrinsically created through a doping related stress in the 10µm device layer as well as

through thin film stresses resulting from gold coating layers on the fixed comb anchors.

These stresses lead to an out-of-plane bending, creating an angled vertical offset of the

comb-drive in its rest position. The overall fabrication and design process for similar

micromirrors will be shown in more detail in sections 3.1 and 3.2.

2.4.2 Experimental results

After fabrication of the devices the surface profile and height steps between the fixed

and moving combs were measured using a Veeco NT1100 optical white light interfer-

ometer profiler. An overview of the comb-drives of one side of the exemplar scanner

is shown in Fig. 2.7 using a 10x magnification lens combination and the VSI (vertical

scanning interferometry) measurement mode of the profiler due to the occurring height

steps in the range of 10µm. To determine the maximum (z1) and minimum (z2) ver-

tical comb-offsets of the comb-drive chosen for actuation, a 2D line scan evaluation is
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z1 = 9 mm

z2 = 4.7 mm

Figure 2.7: 3D representation of the measured height difference distribution of 2 comb-
drive actuators with the distribution of the maximum (z1) and minimum
(z2) height difference of the experimentally used comb-drive.

performed on the measured profile along the end positions of the moving combs and

fixed combs. The resulting height steps are shown in Fig. 2.7 with the average offsets

between neighbouring combs being z1 = 9µm and z2 = 4.7µm.

The fabricated devices were experimentally actuated to obtain a value for the damp-

ing factor ξ of the motion equation using the Q-factor of the frequency response curves

obtained during actuation. To actuate the devices the fabricated chips are mounted

on a custom PCB using 25µm thick aluminium wire bonds. To induce the desired

tilt scanning movement of the micromirror a sine-wave voltage signal with nominal

amplitudes of 40V, 50V and 70V and a driving frequency corresponding to half the

mechanical movement frequency was used. To create the driving signal an Agilent

33250A arbitrary waveform generator (AWG) in combination with a FLC A400 twenty

times amplifier is used (see Fig. 2.8(a)). A 10kΩ resistor is connected in series between

the amplifier and the PCB to limit the current through the system in the case of a

shorting of the comb-drive electrodes. This short would create a current loop through

the device which can potentially fuse individual comb-pairs together due to excessive
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Figure 2.8: (a) Schematic of the experimental measurement setup for resonant actuation
of the microscanner and (b) experimentally obtained frequency response
curves of the tilt resonance movement.

heat created by the electrical current. The series resistor will limit the created electrical

current in this case and therefore the induced heat in the combs. The active signal is

connected to the fixed comb-electrodes with the moving combs being connected to the

ground line of the actuation output. To measure the angular response of the applied

signal a HeNe probe laser is directed onto the mirror surface and the displacement of

the reflection is measured on a screen. The scanning tilt movement results in a line scan

on the screen through which the total optical scan angle (TOSA) can be determined.

The measurement schematic for this is also shown in Fig. 4.15.

The resulting frequency response curves for the tilt around the torsion beam axis

are shown in Fig. 2.8(b) for the three mentioned actuation voltages. For all three a

symmetric frequency response curve is obtained around the respective peak resonance

frequency. With increased actuation voltage the peak shifts towards higher frequencies

due to the influence of the electrostatic induced nonlinearities [115]. For the 40V

actuation a resonance peak of θ40 = 4.8
○ at 26.364kHz is visible with the increased sine-

wave driving amplitude of 50V leading to θ50 = 7.2○ at 26.370kHz and 70V leading

to θ70 = 12.6
○ at 26.384kHz. The Q-factors for these resonances, calculated from the

frequency response curves, are then 320, 320 and 350 respectively. This leads to a

damping factor of ξ = 0.0016 for the exemplar mirror used here. It has to be mentioned

that the effective amplitude of the sine-wave signal at the comb-drive is reduced from the
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FEM simulation results
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f = 27.826 kHz0

I = 4.62·10 kg m-17 2
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f = 26.466 kHz0

I = 4.62·10 kg m-17 2

Figure 2.9: 3D FEM modal simulation of the tilt resonance movement including the
obtained resonance frequencies and torsional moments of inertia for the two
discussed torsion beam width cases.

nominally set voltage level at the signal generator as the series resistor and additional

parasitic resistances on the device tracks will reduce the effective available voltage.

2.4.3 Model parameter

With the experimental data for the damping coefficient and initial comb offsets and

angles obtained, the rest of the parameters for an analytical solution of the motion

equation can be calculated using a FEM modal analysis and calculations in Matlab. To

obtain values for the resonant eigenfrequencies of the micromirror a 3D layout of the

moving parts of the mirror is constructed in the FEM software (see Fig. 2.9). Single

crystal silicon was chosen for the material properties using several adaptations to the

inbuilt properties in the COMSOL library. The specific material properties for the

used fabrication process of the devices show an orientation dependent behaviour [19]

of the Young’s modulus and therefore anisotropic material properties need to be used.

Table 2.1 shows a summary of the used material properties with the parameters of the

stiffness matrix Ds used for the Young’s modulus E defined as [14]:
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Table 2.1: SOI material properties used in COMSOL.

Symbol Description Value

ρ Density 2329kg/m3

c11 Elastic constant 11 165.7GPa

c12 Elastic constant 12 63.9GPa

c44 Elastic constant 44 / Shear modulus 79.6GPa

Cp Coefficient of thermal expansion 2.5 ⋅ 10−6 1/K
S0,xx Initial stress in x-direction 15 ⋅ 106N/m2

S0,yy Initial stress in y-direction 15 ⋅ 106N/m2

σ′ =Ds ⋅ ǫ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

c11 c12 c12 0 0 0
c12 c11 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ǫ1
ǫ2
ǫ3
ǫ4
ǫ5
ǫ6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2.16)

with σ′ being the stress vector and ǫ the strain vector in the material. If the device is

fabricated along the x-axis of the SOI wafer an in-plane rotation by 45○ of the overall

device layout has to be performed in COMSOL to align to the correct material prop-

erties [14]. An anisotropic linear elastic material model has to be chosen for the solid

mechanics physics settings with fixed constraints at the end of the torsion beams. To

perform the FEM analysis a tetrahedral mesh with the setting of an extra fine element

size leading to 30441 elements was chosen and automatically created in COMSOL. The

eigenfrequency study leads to the mode-shape shown in Fig. 2.9 for the tilt movement

with a simulated resonance frequency of f0 = 27.826kHz. This frequency is obtained by

using not the nominal thickness of the device layer but a measured thickness value of

9.2µm. The thickness was measured by breaking a sample chip and investigating its

cross-section with a Hitachi S3000N scanning electron microscope (SEM). The side-view

of the tip of a comb-drive is shown in Fig. 2.10 on which the thickness of 9.2µm was

determined. The simulated resonance frequency overestimates the measured frequency

by about 1.5kHz or 6%. To obtain a good match between the simulated and measured
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9.2 mm

Figure 2.10: SEM image of the side-view of the front facet of a comb on the chip used
for the example scanning mirror investigation.

tilt resonance frequency the width of the torsion beam has to be reduced to a value of

27.5µm leading to a simulated resonance frequency of f0 = 26.466kHz. Similar FEM

simulation results were obtained using a further FEM software tool (CoventorWare).

The centre of the torsion beam axis has to be aligned with the x-axis of the simulation

program for the calculation of the torsional moment of inertia Iθ using the FEM simu-

lation. Using the already described volume integration a value of Iθ = 4.62 ⋅ 10−17 kg m2

is obtained for both torsion beam widths discussed above.

Using the analytical calculation of the spring constant in (2.7) and expression (2.5) an

estimation of the tilt (i.e. torsional) resonance frequency can also be obtained, which

should underestimate the resonance frequency as the stiffening effect of the combs

attached to the torsion beams is neglected. Using the torsion beam length of 675µm

and width of 30µm, combined with the device thickness of 10µm and a shear modulus

of G = 50.9GPa leads to a spring constant of kanalytical = 9.477 ⋅ 10−7Nmrad−1. With

this and the moment of inertia obtained from COMSOL the resonance frequency can

be calculated as

fanalytical =
1

2π

√
kanalytical

Iθ
= 22.79kHz. (2.17)

This underestimates the measured frequency due to the neglecting of the stiffening effect

of the moving combs. When adapting the torsion beam width to 27.5µm, as used for
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Figure 2.11: Simulated capacitance (top) and differential capacitance (bottom) distri-
bution for one of the comb-drive actuators of the example microscanner.

the fitting FEM simulation, a spring constant of kanalytical,0 = 8.499 ⋅ 10−7Nmrad−1 is

calculated which leads to an analytical calculated resonance frequency of

fanalytical,0 = 21.59kHz. (2.18)

This frequency shows the expected underestimation of the measured value as discussed

earlier. For the further calculations the resonance frequency value obtained in COMSOL

with the 27.5µm wide torsion beam is used to gain a possible comparison between the

simulation and measurements.

The angular behaviour of the capacitance C and differential capacitance ∂C/∂θ is

calculated using the measured initial comb-offset values and the method described in

section 2.3. With the maximum and minimum average initial comb-offset of z1 = 9µm

and z2 = 4.7µm an initial comb-offset angle of θi = 1.66
○ is used for the evaluation of

the instantaneous height difference between the moving and fixed combs, leading to the

capacitance distributions shown in Fig. 2.11. The Matlab program used to determine

these distributions can be found in Appendix A resulting in a maximum capacitance of

68 fF at a mechanical rotation angle of −3○ due to the AVC geometry of the comb-drive
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(a) (b)

Figure 2.12: (a) Simulated frequency response curves using the determined parame-
ters and (b) overlap of simulated (lines) and measured (dots) frequency
response curves.

actuators. A fit to the differential capacitance distribution is then used in the Matlab

solution of the ODE motion equation of the device.

2.4.4 Results

With the parameters discussed in the previous sections the motion equation for the de-

vice can be solved using the Matlab program described in this chapter (see Appendix A).

The amplitude of the voltage signal is used as input parameter, with values of 62V, 44V

and 35V to confirm the simulation accuracy with the measurements obtained previously.

The voltage levels are lower than the nominal values of the signal generator/amplifier

combination of the experiment due to the already described series resistor and parasitic

track resistance on the device. For the frequency and resistor combination used here

the nominal voltage amplitude is reduced to a value of 88%. The resulting simulated

frequency response curves for a sweep of the actuation frequency f from 13.1kHz to

13.3kHz in 5Hz steps is shown in Fig. 2.12(a). Similar to the experimentally obtained

frequency response curves an increase of the peak resonance frequency, with increasing

driving voltage is present with peak resonance frequencies of 26.365kHz, 26.370kHz and

26.380kHz for the 35V, 44V and 62V actuation respectively. The maximum simulated

TOSA values for these cases are 5.0○, 7.6○ and 13.3○.
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The comparison between the simulated and experimentally obtained frequency re-

sponse curves is show in Fig. 2.12(b). An excellent agreement between the measured

and simulated results can be seen with a matching peak resonance frequency shift

and matching motion amplitudes. The resulting angular range is small enough to not

cause any nonlinear spring softening or hardening effects and therefore no bend in the

frequency response curve. Also no nonlinear spring constant factors had therefore to

be considered in the description of the torsion beam springs. For different scanning

micromirror designs with higher angular range these nonlinear factors have to be con-

sidered, leading to a balancing or increase of the electrostatic induced nonlinearities.

2.5 Conclusions

A hybrid simulation model for dynamic resonant motions of AVC actuated scanning

micromirrors was shown in this chapter, including the possibility to address nonlinear

motion behaviour caused by a nonlinear spring constant. The model requires a prior

knowledge of the damping coefficient which was only experimentally obtained as an

analytical expression for the damping of microscanners is outside the scope of this thesis.

Apart from the damping description all other simulation parameters are obtained from

the geometrical layout and material properties as basis of the hybrid model. The

model verification using an example scanning micromirror showed excellent agreement

between the model and experimentally obtained frequency response curves, which were

all without nonlinearities. The model is used in the next chapter for a further scanning

micromirror design investigating a continuously variable AVC actuator.
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3 Variable offset angular vertical comb-drive

scanning mirror

The use of angled vertical comb-drives (AVC) as actuators of micromirrors has already

been discussed in the previous chapters, with mentioning of their specific advantages

for static displacements and the investigations of the influence of initial comb-offsets

on the static displacement [89, 119, 120, 123]. This investigation of the initial comb-

offset dependency has not been performed for the dynamic scanning movement at the

mechanical resonance of the micromirrors, which is the topic of this chapter.

The angular offset of the AVC actuator used in this thesis originates from the fabri-

cation process used for the micromirrors and is intrinsic to the generic mirror design

developed at the Centre for Microsystems and Photonics. To investigate to which extent

the AVC initial conditions like the comb rest-angle and the comb-offsets influence the

angular performance of the devices at resonance, an AVC geometry is developed which

can create varying initial comb-offsets by using an additional electrothermal actuator.

In this chapter the experimental investigation on the performance of the actuator and

its influence on the resonant movement is presented, along with a theoretical investiga-

tion based on the analytical hybrid model for the micromirror motion, which was built

up in the previous chapter.

Section 3.1 introduces the design of the micromirror followed by the used fabrication

process and its properties. Section 3.3 focuses on the design and performance of the
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Ø 700 mm

750 m x 18 mm m

Frame:
outer diameter: 770 mm
inner diameter: 720 mm

Inner torsion beam:

Outer torsion beam:

Filleting:

radius 15 mm

Filleting:

radius 6 mm

35 m x 10 mm m

Figure 3.1: Design of the AVC scanning micromirror including inset of the frame/inner
mirror connection.

electrothermal actuator used to change the AVC offset, with sections 3.4 and 3.5 showing

the experimental investigation of the influence of the initial vertical AVC offset by using

the thermal actuator and a mechanical adjustment of the comb-offset. Section 3.6 uses

the hybrid model from the previous chapter to simulate the experimentally observed

behaviour, followed by a discussion of the resulting performance and agreement between

the experimentally and theoretically obtained data.

3.1 Design of scanning mirror

The silicon scanning micromirror design shown in Fig. 3.1 is used as a basis to investigate

the influence of the AVC actuator initial conditions on the resonant movement behaviour

of the device. The design is based on previously investigated devices with the generic

layout of a circular mirror surface and rectangular torsion beams as spring elements

and suspension with the design choices influenced by the used multi-user SOIMUMPs

fabrication process. The mirror surface has a diameter of 700µm, with the main outer
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Simulated resonance frequency:

9.9 m thickness: 6203Hzm

9.5 m thickness: 6000Hzm

Figure 3.2: Simulated FEM modeshape for the tilt resonance movement mode of the
AVC microscanner.

torsion beams having a length of 750µm and a width of 18µm. The end facets of the

beams are connected to the anchor points and frame using fillets with a 15µm radius

to reduce the occurring stress concentration at sharp edges. A frame with a width of

25µm was placed around the mirror surface with the aim of achieving a magnification

of the tilt movements between the rotation of the combs and the rotation of the mirror

surface [90]. A second set of torsion springs, having a length of 35µm, a width of 10µm

and connecting the frame and the mirror surface, was inserted in line with the main

torsion springs for this magnification to occur. The achieved movement magnification

factor is only in the range between 1 and 2, as the length of the inner torsion beams

was limited in order to still allow a large continuous mirror surface. This is needed for

the application of this type of scanning micromirror in laser systems.

A single side comb-drive actuator is used as electrostatic actuator, with its moving

combs connected to one of the torsion beams. The 160µm long and 10µm wide moving

combs are placed at a minimum distance of 238µm from the frame. 13 moving combs

are used with a lateral centre to centre distance of 22µm. The corresponding fixed

combs and their anchor mechanism is described in further detail in section 3.3.

A modal FEM simulation is built up to evaluate the movement modeshapes and
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9.9 mm

Figure 3.3: SEM measurement of the chip cross-section for the device layer thickness
determination.

eigenfrequencies of the micromirror design. The model is built up using the commer-

cially available FEM software COMSOL Multiphysics, with the overall design of the

moving parts of the mirror being replicated using basic geometry building blocks within

COMSOL. The SOI parameters already introduced in the previous chapter are used as

material properties, which can be found in table 2.1. The definition of the material prop-

erties requires an in-plane rotation of the geometry by 45 degrees in the simulation tool

to align the silicon crystal axes. The boundary conditions for the simulation are fixed

constraints at the anchor end of the torsion beams and a linear elastic material model

set to an anisotropic description to take the anisotropy of the silicon on insulator (SOI)

material into account. The mesh required to solve the FEM is constructed of six parts,

a triangular mesh for each of the outer torsion beams, the frame, the mirror surface and

the inner torsion beams and a quad type mesh for the moving combs. For the entire ge-

ometry a swept mesh with three layers through the device thickness is used leading to a

total of 7809 elements. The FEM model is solved using a direct eigenfrequency solver to

gain the first six eigenfrequencies and modeshapes of the structure. The mode of inter-

est for the use as a scanning micromirror is the tilt mode shown in Fig. 3.2, which is the

second movement mode located at a simulated resonance frequency of 6203Hz. Similar

to the modal FEM simulation used in the previous chapter the measured thickness of

the device of 9.9µm was used for the simulation. The thickness was again determined
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by using a SEM image of the chip cross-section (see Fig. 3.3) with a side-view of a comb

structure consisting of only the device layer. The movement magnification between the

mirror surface and frame is shown in the FEM with a resulting magnification factor of

1.09. It will be shown in a later part of this chapter that the experimentally determined

movement frequency of the device is 5990Hz, which leads to an overestimation of the

resonance frequency by the FEM by 210Hz, i.e. around 3.5%. To achieve matching

movement frequencies between the experimental and simulated data a device thickness

of 9.5µm is needed for the FEM simulation, which is within the device layer thickness

tolerances specified for the nominal 10µm thick fabrication process used.

3.2 Fabrication process

The scanning micromirror devices are fabricated using a commercially available multi-

user foundry process provided by the company MEMSCAP Inc. A multi-user silicon-

on-insulator process SOIMUMPs was chosen due to the cost effective fabrication possi-

bilities and the material property advantages of the single crystalline silicon used in a

SOI process. The fabricated MEMS designs are returned on 1by 1mm2 chips with 15

dies shipped for each design run.

3.2.1 MEMSCAP process steps

A schematic of the fabrication process used for the scanning mirror devices is shown

in Fig. 3.4. It consists of four mask steps, with a single frontside etch step defining the

device geometry. The initial wafer consists of a SOI wafer with a 400µm thick n-doped

silicon substrate and a 10µm thick top silicon layer, which are separated by a 1µm

thick oxide layer. The top silicon device layer is phosphorous doped to increase its

conductivity, enabling the creation of actuator and sensor designs. The doping in this

case is shown to have a non-uniform vertical doping concentration, which will lead to

stress induced curvatures when the device layer is released from the backside [156]. The
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Si Substrate (400 m)m

SiO2 (1 m)mn-type Si (10 m, device layer)m

Au (0.5 m)m

Initial SOI wafer Frontside etch step

Backside DRIE step

First Au layer deposition

Shadow mask second
Au layer deposition

Figure 3.4: SOIMUMPs fabrication process steps used by MEMSCAP Inc.

first step after doping is the deposition and patterning of a pad metal layer consisting

of 500nm gold on top of 20nm chrome for adhesion purposes. A following mask and

frontside deep reactive ion etch (DRIE) step is used to define the device geometry and

connection lines. The release of the moving structures is created by a following backside

DRIE step through the whole substrate wafer in combination with a wet etch step of the

backside to remove the oxide layer from the released parts. A second metal layer can be

applied at the end of the fabrication to create a thicker metallisation by using a shadow

mask process of a 600nm thick gold layer deposition in combination with 50nm of

chrome for adhesion. The released device parts will show an out-of-plane curvature due

to the already mentioned intrinsic stress originating from the inhomogeneous doping

[156].

A SEM image of the fabricated devices is shown in Fig. 3.5. The aluminium wire-

bond connections shown at the top side of the overview image are used for electrical

connection of the mounted chip to a custom PCB used for testing. The tracks from

the bond pads to the actuators and mirror anchors are covered with a pad metal layer

to reduce parasitic resistances. The inset of Fig. 3.5 shows the fabricated comb-drive

which will be further discussed in section 3.3.
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Figure 3.5: SEM image of the fabricated AVC scanning micromirror, including focus on
the AVC actuator.

3.2.2 Verification of stress gradient

Intrinsic stress gradients in the silicon device layer and thin film stresses introduced

by the gold layers will lead to a curvature in single-side clamped beams and will also

introduce a curvature or buckling on double-side clamped released structures. These

effects are used to create the angular offset of the AVC geometry, but also need to be

considered for distortions of the mirror surface. To estimate the influence and relative

magnitude of introduced stresses a series of height scans using an optical white light

interferometer profiler was performed on a set of cantilevers with different coatings.

The cantilevers were 600µm long with a width of 50µm and a nominal thickness of

10µm. The analysis of the optical profiler images shows a homogeneous curvature

along the cantilevers, introduced by the mentioned stress effects, with different radius

of curvature (ROC) values for the three cases of a cantilever consisting of solely the

SOI device layer, a cantilever consisting of the SOI device layer and a 500nm thick

pad metal layer, and a cantilever consisting of the SOI device layer and both metal

layers with a combined thickness of 1.1µm. The measured ROC for these cases are

0.09m±0.004m, 0.034m±0.0006m and 0.019m±0.0002m respectively, when assuming

a curvature measurement error of 0.5m−1 due to possible errors in the spherical fit

and measurement tolerances of the optical profiler. Using these measured values a

maximum intrinsic stress level for the SOI layer can be determined, as well as the thin



3.2 Fabrication process 64

film stresses introduced by the gold coatings. For the SOI layer the maximum bending

stress can be calculated with [156]

σ′soi = −E ⋅ y

ROC
, (3.1)

where E is the Young’s modulus of silicon, y is the distance from the centroid axis

to the edge and ROC is the measured radius of curvature. Using a Young’s modulus

of 169GPa and a centroid distance of 5µm ± 0.5µm (due to the thickness tolerance

specified for the fabrication process) therefore leads to a maximum bending stress in

the SOI of σ′soi = −9.4MPa±1.0MPa due to intrinsic stresses. The negative sign denotes

hereby the compressive nature of the stress.

For the used gold layers the additional introduced stress can be calculated using

Stoney’s thin film equation [29] in the form

σ′ ≈ − Es

1 − νs ⋅
h2s
6hf

⋅∆κ. (3.2)

The subscripts f and s denote the thin film layer and the substrate, respectively, with

E being the Young’s modulus, ν is the Poisson’s ratio with a value of 0.28 for SOI and

h the thickness of the gold layer or substrate. To estimate the influence of the gold

layer stress the change of the curvature κ between a bare SOI cantilever and a coated

cantilever needs to be considered as ∆κ in the equation, which leads to a stress value of

σ′pad ≈ −143MPa±33MPa when assuming a 50nm thickness tolerance of the gold layers

as well as the already mentioned SOI and curvature tolerances. Similarly the thin film

stress of the combined gold layers is calculated as σ′pad+blanket ≈ −148MPa ± 33MPa.

These compressive stresses lead to an out-of-plane curvature, which is dominated

by the influence of the gold layer when present. To therefore create an angled comb-

drive geometry the use of anchor beam structures with gold coatings is chosen for the

connection of the fixed combs of the investigated AVC structures.
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Figure 3.6: Design of the thermal actuator of the AVC fixed combs, including cross-
section and layer structure.

3.3 Design of comb-drive actuator

To experimentally investigate the influence of the AVC initial offset between the moving

and fixed combs on the resonance behaviour of the above discussed scanning micromir-

ror, a possibility for continuous variation of the initial offset and cross-over angle is

needed for using a single device for the investigation. A continuous variable initial

AVC offset has, to the best of the author’s knowledge, not been demonstrated previ-

ously, with only a step-wise and irreversible initial offset change shown and it’s influence

on the static mirror displacement [116]. The chosen continuous control consists in the

here presented work of electrothermal bimorph actuators used as anchor points for the

fixed combs of the AVC.

3.3.1 General design considerations for thermal actuator

The design of the thermal actuator structure used as anchor connection for the fixed

combs of the AVC is shown in Fig. 3.6. Two silicon anchor pads are used as connection

to the substrate and as ports for the current loop of the thermal actuation. Each

anchor pad connects to two 250µm long and 90µm wide bimorph beams, consisting

of the 10µm thick silicon device layer and the gold layers with a combined thickness
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of 1.1µm. All four bimorph beams are connected using a 90µm long and 500µm wide

horizontal silicon cross-beam, closing the current loop for the electrothermal actuator

and simultaneously working as fix point for the 14 fixed comb-fingers. Each fixed

comb-finger has a length of 160µm and width of 10µm, with a lateral centre to centre

distance of 22µm, similar to the moving combs. This will lead to horizontal gaps of

the self assembled comb-drive of 6µm.

The electrothermal actuator works on the basic principle of Joule heating in the bi-

morph and silicon beams. An electric current passing through the beams will create

heat through the electrical resistance within the beams which causes an expansion of the

beams corresponding to their coefficients of thermal expansion (CTE) and a change of

the out-of-plane curvature originating from the bimorph effect in the respective beams.

This bimorph effect is in this case created due to a mismatch of the coefficients of

thermal expansion between gold (CTE = 14.2 ⋅ 10−6 1/K) and the used single crystal

silicon (SCS) (CTE = 2.5 ⋅ 10−6 1/K) which will create a tensile stress under heating

and reduces the initial curvature which exists after fabrication of the actuator beams.

This will translate to a lower initial vertical offset between the fixed and moving combs

of the AVC. The limiting factor for the actuator movement is governed by the onset of

thermal damage in the actuator due to heating. Gold experiences in this case a lower

melting point (1064○C) than SCS (1414○C), which therefore leads to an actuation limit

before the highest temperature in the bimorph beams reaches the gold melting point.

The highest temperature in the actuator is expected to be towards the middle of it as

the main effect of heat removal will be through heat conduction through the anchor

connections, with radiative heat transfer and convection negligible in first approxima-

tion.

3.3.2 FEM simulation of thermal behaviour

To model the possible displacement range of the fixed combs of the AVC design a

combined thermal and mechanical simulation using the FEM software CoventorWare
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Table 3.1: Material properties used for the CoventorWare thermal FEM model [164].

Symbol Description SOI value Gold value

E Young’s modulus in [100] 130GPa 57GPa

ν Poisson’s ratio 0.28 0.42

CTE Coefficient of thermal expansion 2.5 ⋅ 10−6K−1 1.4 ⋅ 10−5K−1
kt Thermal conductivity 150Wm−1K−1 317Wm−1K−1

ǫe Surface emissivity 0.6 0.02

Ch Specific heat capacity 755Jkg−1K−1 129Jkg−1K−1

was built-up. This behaviour investigation was conducted by a colleague, Dr. Li Li,

and is therefore only briefly summarised in this section for completeness. To optimise

the possible movement range of the vertical comb-offset, with the aim of reaching a

highest possible change in vertical offset while maintaining a small actuator footprint,

multiple design variations of the final AVC thermal actuator were simulated. The

parameter variations were the width of the bimorph and connection beams. The chosen

design discussed so far in this section showed hereby the best compromise between the

temperature distribution in the gold layer and the possible vertical displacement of the

comb-tips.

The boundary conditions for the FEM simulation are an applied potential difference

between the two anchor pads, which is varied between a value of 0V and 3.5V, a

reference temperature of 20○C, which is assumed at the connection between the actuator

anchors and the substrate, and the material properties shown for SOI in the previous

chapter. The additionally needed material properties related to the thermal simulation

are shown in Table 3.1 for both the SOI and gold layer. The FEM software first solves

the temperature distribution in the actuator using Joule heating as basis and then

couples the resulting temperature profile to a mechanical deformation. The temperature

model considers the heat loss due to thermal conduction through the actuator, heat

convection and radiative heat transfer. A value of 150Wm−2K−1 is assumed as an air

convection coefficient for the actuator surfaces. For the mechanical deformation the
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Gold layers

Points of temperature limit
to avoid thermal damage

Figure 3.7: FEM results of temperature distribution of AVC thermal actuator with
VDC = 3.5V.

influence of the temperature model is combined with the initial deformation due to the

intrinsic stresses in the material layers. The intrinsic stresses of the SOI and gold layer

without actuation are assumed to be a stress gradient of 2.4MPa/µm for the SOI layer

and a residual stress in the gold layer of 300MPa.

The simulation result of the temperature distribution for an applied DC voltage of

3.5V is shown in Fig. 3.7. A maximum temperature of 893K is present at the marked

temperature limiting points, with an overall maximum temperature of 1062K at the

middle comb fingers. The average vertical displacement of the actuator comb finger

tips is hereby changed from an initial value of 10.8µm to a value of 5.0µm with respect

to the vertical position of the anchor. To compare the simulation results with the

experimental data discussed in the next section, the average vertical offset values of

the comb finger-tips (z1) are required for the potential difference sweep, as well as

the vertical offset set back 152µm from the finger-tips (z2), which marks the end of

the moving comb finger in case of the interdigitated assembled AVC. The summary of

the simulated data for these measurement points is shown in Fig. 3.8. An increase in

applied voltage will lead to the shown temperature increase for the maximum actuator

temperature, which in itself leads to the reduction of the vertical comb-offsets z1 and
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Figure 3.8: Simulated AVC comb-offset variation and maximum actuator temperature
with applied DC voltage of electrothermal actuator.

z2. The maximum applied dc voltage in the simulation was 3.5V, reaching the thermal

damage limit of the actuator.

3.3.3 Experimental results of electrothermal comb-offset variation

The vertical offset variation of the AVC actuator was experimentally determined af-

ter fabrication by using height profiles of the comb-drive during and before actuation.

These were obtained by a Veeco NT1100 optical white light interferometer. A 10 times

magnification lens combination was used to measure the vertical profiles of the overall

comb-drive using the VSI measurement mode of the profiler. The offset of the thermal

actuator was controlled using a SkyTronic DC power supply with a current limit of 3A.

The comb-offset values z1 and z2 for each actuation point are evaluated using the re-

spective profiler measurement with two 2D line-scans at the tip of the moving and fixed

combs, as can be seen for an example offset of z1 = 5µm in Fig. 3.9. This is the max-

imum possible displacement through electrothermal actuation, while avoiding thermal

damage. The fixed combs are in this case in a vertical higher position than the moving

combs. The vertical displacement introduced by the electrothermal actuation shows a
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comb-offset z2

comb-offset z1

Figure 3.9: AVC offset at z1 = 5µm with 2D linescans and positions for z1 and z2.

mostly homogeneous offset of the individual comb-pairs, with slight variations with a

maximum range of 0.9µm for the 5µm offset case, due to a downward bending ROC

of −0.16m of the torsion beam towards the mirror surface and a higher displacement

of the thermal bimorph actuators in the middle of the anchor structure.

The summary of the measured experimental average vertical comb-offsets during

electrothermal actuation are shown in Fig. 3.10. The maximum applied electrical power

was limited to a value of 510mW, calculated by measuring the applied DC voltage and

current through the electrothermal actuator, to avoid possible thermal damage to the

gold coatings of the bimorph actuators. This was necessary as earlier tests have shown

a surface change of the gold layer at the expected highest temperature point during

actuation with higher electrical powers. The resulting offset change for the maximum

applied electrical power is a reduction of the vertical offset from 10.4µm in the non-

actuated state to 4.9µm for z1 and a reduction of the second vertical offset position

from 6.1µm in the non-actuated state to 2.7µm for z2.

The simulated and measured vertical offset changes show a good agreement, with a
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Figure 3.10: Experimental and simulated comb-offset values during electrothermal ac-
tuation of the fixed comb anchor.

reduction of the offset by half for around 500mW electrical actuation and similarly a

reduction of the initial comb cross-over angle, which is indicated by the smaller offset

difference between z1 and z2 in both the measurement and simulation results. The

underestimation of the simulated vertical offset reduction can be explained by general

rough assumptions for the heat loss that were necessary to model the actuator. No

perfect in-plane configuration of the comb-drive is possible using this actuator due to

the thermal damage limit of the electrothermal actuator.

3.4 Experimental investigation of electrical variable comb-offset

influence

With the possibility of a continuous variation of the AVC initial offset through the

above discussed electrothermal actuator, an investigation of the initial offset influence

on the dynamic resonance driving performance of the scanning micromirror is shown

in this section.
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Figure 3.11: Measurement setup determining the initial offset influence on the scanning
resonance movement, using the electrothermal comb displacement.

3.4.1 Experimental methodology

The setup shown schematically in Fig. 3.11 is used for both the electrically controllable

initial AVC offset variation as well as the later discussed mechanical initial AVC offset

variation to simultaneously evaluate the initial comb-offset of the AVC actuator and

the scanning micromirror performance. The tested mirror is placed under the measure-

ment optics of the previously introduced optical profiler to verify the comb-offset, with

the two electrical driving circuits for the electrothermal comb-offset variation and the

excitation of the electrostatic tilt resonance movement sharing a common ground line.

The potential difference for the electrothermal actuator is created using the DC power

supply and the common ground line as connections to the thermal actuator anchors.

For the electrostatic comb-drive actuation the ground state at the fixed combs leads to

the voltage driving signal being applied to the moving combs and therefore the whole

moving structure. As only one comb-drive exists on the device no parasitic influence is

to be expected through this. The investigated electrostatic driving signal amplitudes

are 80V and 120V which shows that the applied DC voltage with a maximum of 1.5V

is negligible for the analysis. The driving signal for the resonant actuation consists of

an offset square-wave voltage signal and is created using an Agilent 33250A arbitrary

waveform generator (AWG) in combination with a FLC A400 times twenty amplifier.

For each targeted initial offset step the respective dc voltage level is set first and
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z1 z2

Figure 3.12: 2D linescans of AVC offsets z1 and z2 for the non-displaced actuator.

an optical white light profile of the comb structure is taken to verify the offset. The

scanner is then actuated using the square-wave driving signal and a frequency sweep

around the tilt resonance frequency. The resulting scan angles are determined using

the reflection of a HeNe probe laser beam on a screen. The incident angle of the laser

on the mirror surface is constrained to an angle of about 45○ due to the profiler optics

and their working distance.

3.4.2 Resonant behaviour without thermal actuation

No thermal actuation is required to evaluate the scanning micromirror response for the

highest possible AVC offset in the used design. The measured 2D height profiles along

the tips of the moving and fixed combs are shown in Fig. 3.12 for this case. The offset

values are hereby z1 = 10.4µm and z2 = 6.1µm, both having a standard deviation of

0.2µm. This leads to an initial AVC comb-angle between the respective comb-pairs of

28mrad (1.6○).

The tilt movement frequency response of the scanning mirror is measured for an

actuation with offset square-wave driving signals with an amplitude of 80V and 120V,

using an actuation frequency between 5.94kHz and 6.06kHz for the 80V actuation and

an actuation frequency between 5.96kHz and 6.08kHz for the 120V actuation. In both

cases frequency steps of 5Hz are used. The resulting total optical scan angles (TOSA)

are shown in Fig. 3.13. Both actuation voltages show a symmetric frequency response

curve with no visible onset of a nonlinear behaviour. The 80V actuation leads to a
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Figure 3.13: Frequency response curves for the non-displaced AVC actuator with z1 =

10.4µm.

maximum TOSA of 20.9○ at 6005Hz while the 120V actuation results in a TOSA of

31.8○ at 6020Hz. These scan angles are corresponding to the tilt of the mirror surface,

which is magnified in respect to the tilt of the frame, as can be seen in the earlier

shown FEM simulation of the tilt movement mode shape. To evaluate the magnitude

of the magnification for the as fabricated initial conditions a microscope coupled laser

vibrometer was used for the 80V actuation case. The vibrometer measurement spot was

placed on the edge of the mirror surface and on the frame, in both cases at the furthest

point from the rotation axis. The vibrometer feeds back a voltage level dependent on the

vertical displacement and corresponding to a set scaling factor (in this case 20µm/V).

The resulting calculated tilt angles for both the mirror surface and the frame lead to a

scaling factor for the tilt movement of about 1.15 between the mirror and the frame.

3.4.3 Resonant behaviour changes with comb-angle variation

The influence of the AVC initial offset change through the electrical actuation is evalu-

ated for three additional offsets next to the non-actuated state. Vertical offset values

z1 of 8.0µm, 5.6µm and 4.9µm were used for the investigation, leading to necessary
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Figure 3.14: Frequency response curves for changing the AVC initial offset through the
electrothermal actuator.

electrical DC actuation powers of 210mW, 400mW and 510mW, respectively. The

electrostatic actuation signals are identical to the ones used for the maximum offset,

with an offset square-wave voltage with amplitudes of 80V and 120V. The resulting fre-

quency response curves, measured using the HeNe probe laser, are shown in Fig. 3.14

for both actuation voltages. The graphs also include the already previously shown

maximum offset case with a z1 value of 10.4µm.

For the actuation amplitude of 80V all frequency response curves have a symmetric

behaviour with no apparent nonlinearities and a reduction of the maximum resonance

TOSA with reduced initial comb-offset. The maximum TOSA of 20.9○ for the 10.4µm

offset reduces down to 14.1○ for the 4.9µm offset. At the same time the frequency

of the resonance peak shifts to slightly higher values with a 5Hz shift between the

maximum and minimum offset case achievable by the electrical controlled AVC offset.

This shift originates from the change of differential capacitance which is part of the

electrostatic torque description. The change introduces in this case a variation in the

spring softening behaviour, which shifts the peak resonance frequency to lower values

for higher angles.

The same trends are present for the 120V actuation case. A maximum TOSA of

31.8○ at the initial offset of 10.4µm reduces to 22.8○ for the 4.9µm offset. A frequency
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shift is also present, albeit the frequency response curve with no electrical comb-offset

variation has a higher peak resonance frequency then would be expected following the

trend of the other three offset cases. From a comb-tip offset of 8µm to the offset of

4.9µm a frequency shift from 6015Hz to 6020Hz is present, with the peak resonance

of the maximum offset also being at 6020Hz.

The frequency shifts present in both actuation voltage cases have their possible origin

in the change of the differential capacitance distribution associated with a change of the

initial comb-offset. As the differential capacitance depends in a nonlinear manner on the

instantaneous mirror tilt-angle a change to its distribution will change the electrostatic

nonlinearity with otherwise constant electrical driving conditions. These lead to the

frequency shift of 15Hz between the 80V and 120V actuation. The reduction of the

TOSA values for reduced AVC comb-offsets has its possible origin in the change of the

capacitance distribution over the angular movement range of the scanner. To verify

the behaviour an analytical simulation based on the model discussed in the previous

chapter will be used in section 3.6.

3.5 Experimental investigation of mechanical variable

comb-offset influence

To achieve an as close as possible comparison between the frequency response of the

maximum possible AVC offset and an in-plane comb-drive configuration for the pre-

sented AVC scanning micromirror, a second mechanism to change the comb-offsets is

required due to the limits of the thermal actuator discussed in the previous section.

The chosen offset mechanism is for this case a careful mechanical displacement of the

fixed comb-anchor using the tip of a needle in combination with multiple micrometre

translation stages.
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Figure 3.15: Measurement setup for determining the initial offset influence using a me-
chanical displacement of the fixed comb-drive anchor.

3.5.1 Experimental methodology

The experimental setup and methodology for the investigation of bigger changes of

the initial AVC offset is almost identical to the previously discussed electrical offset

change (see Fig. 3.15). The change of the comb-offsets is in this case performed by

aligning a needle tip in the middle of the electrothermal actuator, using a set of lateral,

rotational and vertical micrometre translation stages on which a needle with a tip

width of approximately 100µm is fixed. The change of the comb-offset is achieved by

a vertical displacement of the needle. The needle itself needs to be angled towards

the AVC as the experimental setup is fixed underneath the microscope optics of the

scanning white light interferometer. As the mechanical displacement of the fixed combs

creates less accurate offset steps then the electrical displacement, a measurement of the

frequency response for both 80V and 120V electrostatic actuation signals is conducted

without changing the needle position for each offset step. The chosen offset steps using

the mechanical displacement are an offset with the comb-tip displacement z1 around

half-way between the initial offset and an in-plane alignment (z1 = 3.9µm), an offset

as close as possible to an in-plane configuration (z1 = 0.5µm) and a negative offset at

which the fixed combs initial position is lower than the moving combs (z1 = −1.7µm).

For each configuration the frequency response curves are measured using again a HeNe

probe laser aligned on the mirror surface of the scanning micromirror. The electrical
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Figure 3.16: Frequency response curves for mechanical changes of the AVC initial offset,
including an as close as possible in-plane configuration.

connections for the electrostatic actuation remain the same as in the electrical AVC

offset investigation.

3.5.2 Resonant behaviour changes with comb-angle variation

The frequency response curves for mechanical variation of the initial AVC offsets were

again measured using an offset square-wave driving signal with electrical excitation

frequencies matching the mechanical movement frequencies. The maximum offset of

10.4µm shows again the non-actuated case, which is identical to the frequency re-

sponse curve obtained for the electrical AVC changes. The mentioned mechanical offset

steps have initial comb-offsets at the fixed comb-tips z1 of 3.9µm, 0.5µm and −1.7µm
with corresponding vertical offsets at the moving comb tips z2 of 1.6µm, −0.9µm and

−2.5µm, respectively. For the 80V actuation an additional step at z1 = 6.5µm was

included.

The frequency response curves for both actuation voltages and all offset steps are

shown in Fig. 3.16. The 80V actuation shows a reduction of the maximum TOSA at

resonance for a reduction of the initial vertical offset until an as close as possible in-

plane configuration is reached. With a negative comb displacement the peak TOSA is

rising again. For the 3.9µm initial offset a maximum TOSA of 10.7○ is shown, which
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is close to the maximum TOSA for the −1.7µm initial offset. In both cases the peak

resonance has shifted by 5Hz to 6010Hz with maximum TOSA values of 10.7○ and 9.4○

respectively. The as close as possible in-plane behaviour shows a further reduction of

the frequency response which will be described in further detail in the next subsection.

For the 120V actuation a similar trend is visible with again a roughly 5Hz shift of

the peak resonance frequency for the 3.9µm and −1.7µm case to a peak resonance of

6025Hz. The TOSA values for this case are 18.5○ and 17.1○.

The behaviour follows the trend shown by the electrical AVC initial comb-angle

variation, with higher initial comb-offsets having higher TOSAs at resonance. The

observed frequency shift has again a possible origin in the nonlinear spring constants

of the scanning micromirror torsion beams.

3.5.3 Behaviour around zero-position

The frequency response behaviour for an initial AVC comb offset of an as close as

possible in-plane configuration is examined in more detail due to the observed lowest

angular frequency response. The measured optical profile of the AVC offsets for this

case is shown in Fig. 3.17. The measured 3D representation on the left shows the close

height overlap between the moving and fixed combs as well as the imprint of the needle

tip used to change the vertical offset. This imprint is in the form of a missing data

pattern as the light reflected from the needle will not be collected back by the optical

profiler optics and therefore will show a blank data area. The 2D vertical height line

scans for z1 and z2 show a bent profile for the fixed combs at both positions. This bend

with a maximum height difference of 1µm originates from the mechanical displacement

of the fixed comb anchor, where the needle tip is smaller than the overall actuator

and therefore a slight non-uniform pressure is applied to generate the reduction of the

vertical offset of the AVC. The profiles also show a change in offset between the tips of

the moving and fixed combs, with the fixed combs being higher than the moving combs
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Figure 3.17: Measured AVC profile for in-plane configuration with z1 = 0.5µm and
z2 = −0.9µm.

at z1 = 0.5µm and respectively lower at z2 = −0.9µm. This offset change contributes to

the low angular frequency response for this driving case.

The frequency response curves shown in Fig. 3.16 show for both actuation amplitudes

the lowest measured response with a TOSA of 2○ and 3.2○ respectively. Changing the

actuation frequency to a subharmonic or superharmonic excitation of factors 2 and 1/2,
respectively, leading to electrical driving frequencies of 12kHz and 3kHz did not show

any identifiable movement response for both the actuation with 80V and 120V.

3.6 Analytic model of variable AVC behaviour

The analytical hybrid simulation model built-up in the previous chapter is adapted

for the presented device design to theoretically model the experimentally observed fre-

quency response behaviour for the variable AVC offset scanning micromirror. The

influence of the initial vertical comb-offset on the dynamic resonance behaviour of the

microscanner is again the focus of interest.
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The basis of the simulation model is the numerical solution of the ordinary differential

equation (ODE) systems of the scanner movement equation, using Matlab’s in-built

ODE45 solver. The system of two first order ODE’s can be written, as shown in the

previous chapter, in the following form:

θ̇1 = θ2

θ̇2 = −4π ξ f0 θ2 − kθ

Iθ
θ1 + 1

2 Iθ

dC

dθ1
V (t)2 (3.3)

θ1 is the tilt angle and θ2 the first time derivative of the tilt angle. The further parame-

ters are corresponding to the overall damping of the device, with the damping factor ξ

defined through the Q-factor of the resonance motion, the limiting resonance frequency

f0 which would occur for small movements without the influence of electrostatic or

mechanical nonlinearities, the torsional moment of inertia of the overall device Iθ and

the overall spring constant of the device kθ. The spring constant does, in this case,

include a second order nonlinearity whose influence will be investigated later on. kθ

can therefore be written as

kθ = k0 (1 + k2 θ21) (3.4)

as discussed in the previous chapter. k0 is in this case the basic spring constant of the

system with k2 being the cubic nonlinear spring constant. The differential capacitance

dC/dθ1 and driving voltage V (t)2 are part of the electrostatic torque description and

will be discussed in more detail in the following section.

The motion description with two first order ODE’s in (3.3) includes the assumption

that the mirror and frame have a rigid connection. This assumption is in a first approx-

imation valid as the measured angular magnification between the mirror surface and

the frame (see section 3.4.2) is a factor of only 1.15. If this assumption would not be

used a further two first order ODE’s would be necessary to describe the mirror move-

ment and its coupling to the frame [90]. In addition, the spring constants and damping

coefficients would need to be calculated for each part, the inner mirror and the outer
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frame and suspension, separately which would raise the question how to determine the

correct ratio of damping coefficient from only the overall resonance frequency response

curve measurement. With the assumption of a rigid connection between the mirror and

frame an overall damping coefficient can be assumed which is directly calculated from

an exemplar measurement.

3.6.1 Electrostatic torque model

To model the differential capacitance distribution necessary for the torque term of the

motion equation the approach described in the previous chapter is taken, using an FEM

simulation of the 2D electrical field distribution of a unit cell of the comb-drive (see

Fig. 2.4). With this field distribution it is possible to calculate the capacitance of each

AVC configuration for each possible tilt angle θ of the moving structure, depending

on the specified initial comb-offsets of the AVC. This calculation is possible using the

definitions from Fig. 2.5 with

z(l, θ) = l ⋅ sin(θ − θi) + z1 + l2 ⋅ sin(θ) (3.5)

as the instantaneous height offset along a comb-pair. Through this it is possible to

calculate the overall instantaneous capacitance of the comb-drive throughout the mirror

movement cycle according to equation (2.13). This distribution varies with the initial

AVC offsets through the parameters z1 and θi.

Four offset cases are chosen for the theoretical investigation of the influence of these

offset changes. A maximum AVC offset with z1 = 10.4µm, an offset created by the

maximum electrical displacement of the AVC fixed combs with z1 = 4.9µm, a closest

measured in-plane AVC offset with z1 = 0.5µm and a negative offset with z1 = −1.7µm.

The Matlab code calculating the capacitance and differential capacitance distributions

for these offset cases can be found in Appendix A. The resulting distributions for the

maximum AVC offset case and the closest in-plane AVC offset are shown in Fig. 3.18.
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Figure 3.18: Capacitance and differential capacitance distribution for (a) z1 = 10.4µm
AVC offset and (b) z1 = 0.5µm AVC offset.

The closest in-plane configuration shows an expected symmetrical behaviour around

the mirror midpoint for both the capacitance C(θ) and differential capacitance ∂C/∂θ,
while the highest offset configuration clearly deviates from this symmetry.

The second part necessary for the torque description is the applied excitation voltage

signal V (t) which is for all discussed cases in this chapter an offset square-wave signal

that can be described as:

V (t)2 = 1

4
V 2
0 (1 + square(2π f t))2 , (3.6)

where V0 is the amplitude of the square-wave and f is the electrical excitation frequency.

Similar to the experimental investigation discussed earlier in this chapter the frequency

of the excitation signal is identical to the excited mechanical movement frequency.

3.6.2 Analytic model results using torque behaviour

The Matlab code to solve the motion equation for each chosen initial comb-offset step is

similar to the one described in the previous chapter, with the call of the solver ODE45 for

each frequency point of interest. In each step the solver uses the equations (3.3) with a

20th order Fourier series fit of the differential capacitance, the definition for the applied

voltage and the definition for the nonlinear spring constant. For each frequency step the



3.6 Analytic model of variable AVC behaviour 84

0 0.05 0.1 0.15 0.2
-10

-5

0

5

10

Time [s]

O
p
ti
c
a
l 
S

c
a
n

A
n
g
le

 [
D

e
g
]

0.1 0.1005 0.101 0.1015 0.102

-10

-5

0

5

10

Time [s]

O
p
ti
c
a
l 
S

c
a
n

A
n
g
le

 [
D

e
g
]

D mt = 166.5 s

(a) (b)

Frequency transition

Figure 3.19: Simulation output of the time-dependent optical scan angle of the z1 =

10.4µm offset case with an excitation of V0 = 56V and f = 6006Hz.

solver returns a time-dependent solution of both the tilt angle θ1 and its time derivative

θ2 over the time range specified when calling the solver. This timebase needs to be long

enough for the oscillation to reach a stable output, which is for the here discussed

cases reached within the first 200ms of a change to the mirror driving conditions. An

exemplar output of the ODE function can be seen in Fig. 3.19 for the maximum comb-

offset case around its resonance peak. The excitation parameters for this output are

a voltage amplitude of V0 = 56V and a frequency of 6006Hz, with the rest of the

parameters taken from the z1 = 10.4µm offset case. The simulation result of the time

dependent optical scan angle shows a decrease of the scan angle in the first 5ms after

start of the simulation, followed by a rise to the stable resonance movement (see marked

part in Fig. 3.19(a)). This is the transition time between the previous movement of the

mirror with a 2Hz higher frequency, used as boundary condition for the ODE solver,

and the new excited movement. A magnified image of the stable movement oscillation

can be seen in Fig. 3.19(b), showing the movement period of 166.5µs corresponding to a

resonance frequency of 6006Hz. To determine the maximum TOSA at each excitation

frequency a peak search is conducted on the simulated data for the last 200 time points

prior to the 0.2 s simulation end time.

The simulated frequency response curves for the four chosen comb-offset cases using

this simulation approach are shown in Fig. 3.20. For all simulation cases a frequency

down-sweep is chosen. The input parameters for the simulation are shown in Table
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Table 3.2: Input parameters for AVC motion equation simulation.

Symbol Value Symbol Value

Iθ 3.963 ⋅ 10−16 kgm2 N 26

k0 5.61 ⋅ 10−7Nm/rad V0 56V

k2 0.33 z1 ”10µm”: 10.4µm

f0 5990Hz ”5µm”: 4.9µm

∆f 5Hz ”0µm”: 0.5µm

fmin 5920Hz ” − 2µm”: −1.7µm
fmax 6120Hz z2 ”10µm”: 6.1µm

ξ 3.0 ⋅ 10−3 ”5µm”: 2.7µm

t [0 s,0.2 s] ”0µm”: −0.9µm
” − 2µm”: −2.5µm

3.2, including a cubic nonlinear spring constant k2 whose estimation and influence will

be discussed in the next section. The torsion moment of inertia Iθ is an input from

the modal FEM shown earlier in this chapter. The limiting resonance frequency f0

was obtained by using the measurement data shown in Fig. 3.13 and approximating the

evaluation of the maximum TOSA for actuation voltages reaching 0V. The estimated

value for this is 5990Hz. The spring constant k0 is calculated using this two parameters,

while the damping coefficient ξ is obtained using the frequency response measurement

of the 10.4µm offset case which shows a Q-factor for the resonance movement of 166.

The further input parameters of the simulation are a time interval between 0 s and 0.2 s

for which the ODEs are to be solved and a frequency sweep of the excitation frequency

between 6120Hz and 5920Hz in 5Hz steps. As voltage amplitude for the excitation

signal a value of V0 = 56V is chosen, as the effective voltage at the AVC actuator is

reduced in respect to the amplifier output voltage of 80V in the measurements due to

a voltage drop at the 10kΩ series resistor and a parasitic resistance in the connection

lines.

The resulting frequency response curves in Fig. 3.20(a) show a highest frequency

response for the maximum comb-offset case of 10.4µm with a simulated maximum
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Figure 3.20: (a) Simulated frequency response curves for the 4 chosen AVC offsets with
actuation of V0 = 56V and (b) overlap of measured and simulated frequency
response curves.

TOSA of 18.9○ at a resonance frequency of 6005Hz. The lower offset cases of 4.9µm

and −1.7µm show a frequency shift of 15Hz and 20Hz, respectively, to higher peak

resonance frequencies with a reduced angular response of 13.5○ and 10.2○ respectively.

The frequency response results of the closest in-plane configuration show within the

chosen simulation cases a lowest angular deflection with a maximum TOSA of 2.6○

at a resonance frequency of 6025Hz. The overlap between the simulation results and

the measurements is shown in Fig. 3.20(b), presenting a good agreement between both.

Both trends of lower resonant scan angles and higher peak resonance frequencies for

lower comb offsets are shown in the simulated and measured results. All four simu-

lated frequency response curves show a symmetric behaviour, with the 10.4µm case

starting to show a tendency towards bending of the frequency response curve through

the electrostatic induced nonlinearities. The frequency shift between the limiting res-

onance frequency of 5990Hz and the respective resonance peaks is overestimated by

about 10Hz for the 4.9µm, 0.5µm and −1.7µm cases for the simulation in respect to

the measured behaviour.

Reasons for this slight deviation in the frequency and angular response can originate

from the assumptions made for the simulation. The movement between the inner mirror

and frame structure is assumed stiff to reduce the number of required ODEs to solve
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56V 84V

Figure 3.21: Simulated frequency response curves for 56V and 84V actuation with and
without the influence of the nonlinear spring constant k2.

for. This assumption was also used as no direct measurement of the individual damping

factors for the moving frame and inner mirror are available and a coupled ODE sys-

tem considering both structures independently would require these individual damping

factors. Additionally only the average vertical offset value of the comb-drives are used

for calculating the capacitance distribution, which is especially for the mechanical AVC

offset changes a very approximate assumption as line scan profiles of the comb-drives

shown earlier in this chapter prove. Nevertheless, the overlap between the simulated

and measured behaviour is in good agreement, justifying the choice of assumptions and

the chosen simulation model.

3.6.3 Model results with and without mechanical nonlinearities

The simulation model used in the previous section utilises a cubic nonlinear spring

constant of k2 = 0.33 for its solution. This factor was included in an attempt to map the

measurement results for 80V and 120V actuation, as these show symmetric frequency

response curves with no visible onset of nonlinearities. The value for k2 was estimated

using an adaptive step by step approach with the symmetry of the frequency response

curve for V0 = 84V at the maximum offset of z1 = 10.4µm as quality factor. To show

the influence of the resulting nonlinear factor, Fig. 3.21 displays the frequency response

curves for the maximum initial and negative comb-offsets with an actuation of 56V
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Figure 3.22: Comparison of simulated and measured frequency response curves for 120V
actuation case.

and 84V, with and without including k2. For the lower actuation voltage both the

results with and without inclusion of the nonlinear spring constant show a symmetric

frequency response curve with the positive k2 value shifting the top of the curve to

higher frequencies. At a simulation voltage of 84V the behaviour without the nonlinear

spring constant factor at the maximum initial comb-offset shows a jump discontinuity

from the maximum TOSA at resonance to the angular response at a lower actuation

frequency. This jump originates from the electrostatic actuation which introduces a

nonlinear behaviour at higher electrical field strength. With inclusion of the k2 factor

this nonlinear response is balanced to avoid any jump discontinuity in the simulated

frequency response curve.

The frequency response curves of a simulation actuation voltage of 84V, correspond-

ing to an applied voltage of 120V in the measurements due to the already mentioned

losses in a series resistor in the measurement setup, shows some of the limits of the cur-

rent simulation tool for the scanning micromirror discussed in this chapter. Fig. 3.22

shows the overlap between the measured and simulated frequency response curves for

this actuation for the four chosen offset cases described earlier. The simulation result

of the z1 = 10.4µm offset underestimates the maximum TOSA value by 17%, or 5.2○,

while the further offsets are showing a closer match of the measured and simulated
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maximum TOSA values. The other three offset cases all show an overestimation in the

frequency shift of the simulation with the simulated and measured resonance points

deviating by as much as 45Hz. The offset cases of 4.9µm and −1.7µm additionally

show a tilt of their frequency response curves at resonance towards lower frequencies,

which is caused by the influence of the electrostatic induced nonlinearity.

This shows the limitation of the current simulation model for the here discussed

mirror structure, as the different nonlinear effects in the outer and inner torsion springs

seem to be not sufficiently covered at higher angles by the assumption of a single

equivalent torsion spring. At the higher angular responses present for the 84V actuation

the damping effects for the frame and mirror may also differ from the assumed single

value description, possibly contributing to the mismatch. Nevertheless the overall trend

of a lower angular response for a reduced initial comb-offset is still captured using the

simulation tool with all its assumptions defined earlier.

3.7 Discussion

The measurements and experimental investigations presented in this chapter show for

all used actuation cases a general trend of higher achievable TOSA values for higher

initial vertical offsets of the AVC actuator. The continuously variable offset changes

introduced by the thermal actuator and the mechanical displacement allowed in this

case the offset investigation on a single device to avoid changes introduced by fabrica-

tion variations between devices or other experimental variations. The highest actuation

results are in this investigation seen for offset square-wave actuation signals with actu-

ation frequencies matching the mechanical movement frequencies.

The simulation model adapted from the previous chapter shows a good agreement

to the measurement results for lower actuation voltages, with both the variation in

TOSAs and the frequency shifts seen in the measurements also visible in the simulation

results. For higher actuation voltages, and therefore higher angular response of the
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scanning micromirror, the overlap between measured and simulated frequency response

results degrades. The general trends of the influence of the initial AVC offset are still

present, but the simulation results tend to include a higher nonlinear behaviour then

shown by the experiments. Possible reasons for this degradation in the simulation fit

were mentioned in this chapter and are based on the assumptions taken to construct the

simulation model. A simplification of the device by assuming a rigid connection between

the frame and mirror surface of the used design allows the analytical description with

a single damping coefficient which can be obtained through measurements. The more

accurate description of the device through a coupled system of differential equations for

the mirror and frame would require knowledge of the individual damping coefficients

for both the mirror and the frame structure, which is not experimentally accessible.

A theoretical investigation in such a matter has, to the knowledge of the author, not

been undertaken either so far. Therefore a use of a coupled ODE system for the

analytical description of the used devices was not followed but could be a point for future

work to gain a more accurate description and better overlap between measurement and

simulation results at higher actuation voltages.

Despite these limitations both the experimental and simulated results have shown an

improved mirror angular response for higher AVC initial offsets, where the maximum

investigated offset was limited by the fabrication process.
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4 MEMS Q-switched solid-state laser

The application of MEMS devices in laser systems has recently seen some increased

research interest with MEMS as intra-cavity elements for spectral and temporal control

of lasers, which was reviewed in chapter 1.3.3. The temporal control is achieved by

changing the quality (Q) of a laser cavity, which is related to the losses inside the

cavity, between a high and low value. The spectral control as well as mode-locking,

a special case of temporal control, are not considered in this thesis and will not be

discussed further. The aim of the discussed Q-switching temporal control through

MEMS is to achieve fast switching times to compete with currently mainly used crystal

modulators using the electro-optic or acousto-optic effect. In this chapter the theoretical

background for generating a pulsed laser output by using a MEMS scanning micromirror

as intra-cavity active device of a solid-state laser will be presented, as well as the

experimental procedure and results. The use of a solid-state laser instead of a fibre

laser (which was used in most of the recently published work on this topic [151–155])

was chosen to aim for highest possible pulse energies instead of shortest pulse durations,

with solid-state gain media offering easy access to high average output power in the

multi Watt regime.

In section 4.1 and 4.2, the theoretical background of solid-state lasers and especially

their Q-switch behaviour is reviewed, as this will be used in section 4.3 for building up

an analytical model of the laser output behaviour. Next the MEMS scanning micromir-

rors are introduced in section 4.4, including their experimental characterisation with a
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Figure 4.1: (a) Basic laser schematic with pump, gain medium and laser resonator, (b)
energy diagram for 4-level laser system including energy state lifetimes.

special consideration of high reflective (HR) dielectric coatings and their influence on

the mirror structure discussed in section 4.5. Section 4.6 will show the theoretical and

experimental investigation of a 2-mirror laser cavity using the described intra-cavity

MEMS micromirror as cavity end-mirror. Section 4.7 extends the investigation to a

3-mirror cavity including the use of a dielectric coated micromirror. A following discus-

sion and conclusions will be presented at the end of the chapter.

4.1 Solid-state laser background

The definition of a solid-state laser used here requires the laser to have a gain medium

with a crystalline or glass substrate, external resonator mirrors which create the laser

cavity and optical pumping through flashlamps or diodes (see Fig. 4.1(a)). Microchip

laser, which have also a solid gain medium, are not considered here as their resonator

end mirrors are in general the coated surfaces of the gain chip. Common gain media

used for solid-state lasers are neodymium (Nd) or erbium (Er) doped glass rods or YAG

(ytterbium-aluminium-garnet), YLF (yttrium-lithium-fluoride) or Vanadate crystals, all

with a fundamental output in the near infrared. Additional to these, one of the most

widely used solid-state laser crystals is Ti:sapphire with applications as ultra-fast laser

gain medium and in optical parametric oscillators [165,166].
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In the following sections the background for the specific case of a Nd:YAG gain

medium is discussed as this is used for the experimental investigations. The description

of the relevant theoretical background for an analytical model of the laser Q-switching

will focus on the rate equation model of the laser system and the description of the

laser cavity using geometrical optics for the spatial cavity analysis. Additional detailed

background information on laser systems can be found for example in the textbooks by

Svelto [167] and Koechner [168], both giving a very detailed description.

4.1.1 Rate equations

A set of coupled rate equations can be used to describe the temporal dynamics within

the laser cavity, based on several generally used approximations [168]: the longitudinal

and radial variations within the laser medium are ignored and only one electromagnetic

(em) field cavity mode is present. Additionally the decay times of the laser gain medium

energy levels (see Fig. 4.1(b)) of the pump band τ32 and the lower laser level τ10 are

assumed to be very fast, leading to the approximation of N3 ≅ N1 ≅ 0 for the population

of the pump level N3 and lower laser level N1. The necessary population inversion N

for laser actuation is therefore simplified to N = N2 −N1 = N2, which is the population

of the upper laser level. The population is further on described as population density

n [cm−3] and the coupled rate equations of the laser actuation can be described with

the following two equations [168]:

dn

dt
=Wp(ntotal − n) − nσ φc − n

τf
(4.1)

dφ

dt
=

V ′a
V ′

nσ φc − φ

τc
(4.2)

The temporal change of the population inversion density in equation (4.1) consists of

three parts. Part one is an increase of the population inversion density by pumping,

where Wp [s−1] is the pump rate and ntotal [cm−3] is the overall population density.

Part two is a reduction due to stimulated emission, where σ [m2] is the stimulated
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emission cross section, φ [m−3] is the photon density in the cavity and c [ms−1] is the
speed of light in the medium. The final part of (4.1) describes a further reduction due

to spontaneous emission, where τf is the fluorescent lifetime of the upper laser level.

The rate equation for the photon density φ consists itself of two parts, with an increase

in photon density due to stimulated emission and a decrease due to losses within the

cavity. V ′a [m3] is in this case the mode volume in the active medium and V ′ [m3] the
mode volume in the overall cavity with τc [s] being the photon cavity life-time. The

inclusion of the factor V ′a/V ′ notices the fact that the photon density is defined over

the whole resonator while stimulated emission only occurs within the active medium.

As the initial approximation of ignoring any radial or transversal variations within the

cavity was used we can replace Va/V with the ratio of the length of the active medium

la and the length of the cavity lc, which modifies equation (4.2) to

dφ

dt
=

la

lc
nσ φc − φ

τc
. (4.3)

By using the rate equations several dynamic characteristics of solid-state laser systems

can be found, including the threshold condition or the average and peak power of the

laser output. The rate equations will be used in a later part of this chapter to obtain

a theoretical model for the temporal behaviour of the laser during Q-switching.

4.1.2 Laser resonator

To obtain a stable laser output, the em field in the laser cavity needs to replicate itself

upon multiple reflections on the resonator mirrors. The cavity mirrors have to exhibit a

curvature matching the wavefront of the propagating laser beam at the respective point

in the resonator to gain a stable cavity and to support the back and forth propagation

of Gaussian beams, which are a description of the solution of the em-field in the laser

cavity. As Gaussian beams have a spherical wavefront at a sufficient large distance

from the beam waist, the mirror surface needs to be spherical as well. The radius of
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curvature (ROC) of the wavefront at a distance z′ from the beam waist w′0 can be

described by [168]:

ROC(z′) = z′ ⎡⎢⎢⎢⎢⎣1 + (
πw

′2
0

λz′
)2⎤⎥⎥⎥⎥⎦ , (4.4)

with λ being the wavelength of the propagating em-wave. With the em-distribution of

the beam in a laser resonator known one can determine the beam propagation within

the cavity and the cavity stability. Both can be derived using the geometrical optics

ABCD-matrix formalism which relates the incident and exiting beams of an optical

element by using a transfer matrix describing the optical properties of the element,

as described in the work by Kogelnik et al. [169]. The incoming and exiting beam

are described respectively with their distance from the cavity axis x and the angle θ

towards the cavity axis, which leads to

⎡⎢⎢⎢⎢⎢⎣
xout

θout

⎤⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎣
A B

C D

⎤⎥⎥⎥⎥⎥⎦
⋅
⎡⎢⎢⎢⎢⎢⎣
xin

θin

⎤⎥⎥⎥⎥⎥⎦
. (4.5)

For the resonator to be stable the rays after a complete round trip need to be identical

to the input rays, which leads to the condition of the determinant of the ABCD-matrix

having a unit value. By using Sylvester’s theorem of matrix calculus and an expansion

to n′ cavity round trips it can be shown that the ABCD-matrix needs to satisfy the

condition [167]

− 1 < (A +D
2
) < 1 (4.6)

to obtain a stable cavity. For the simplest form of a resonator, a 2-mirror cavity, this

condition can be expressed in terms of the cavity length lc and the ROCs ρ′1 and ρ′2

of the two mirrors. The ABCD-matrix of the system consists in this case of a matrix

multiplication of the respective ABCD matrices of a reflection on a curved surface with

ROC ρ′1, a free-space propagation over the length lc, a reflection on a curved surface

with ROC ρ′2 and a further free-space propagation over the length lc. This leads with
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Figure 4.2: (a) Schematic of plane-concave resonator Res1 and resonator including a
thermal lens Res2, (b) resonator stability diagram for 2 mirror cavities.

equation (4.6) to the stability condition:

0 < (1 − lc

ρ′1
) ⋅ (1 − lc

ρ′2
) < 1 (4.7)

With using both factors in this equation as parameters for a two dimensional stability

diagram, it can be shown that the stable cavity configurations for a 2-mirror resonator

will lie within the marked part of the diagram shown in Fig. 4.2(b). For the simple plane-

concave 2-mirror configuration shown in Fig. 4.2(a) the first factor will be simplified to 1

which leads to a required ROC of mirror 2 between ρ′2 = lc and ρ′2 =∞. The cavities used

later in this chapter have additional optical elements inserted which can be modelled

as insertion of thin lenses (as shown in Fig. 4.2(a)). Their stability will be discussed in

more detail when the resonators are introduced.

Laser actuation can be achieved when the gain over a resonator round-trip equals or

is bigger than the cavity losses. With the losses described as a combination of the mirror

reflectivities R1 and R2 and the dissipative losses within the absorption coefficient per

unit length α this threshold expression can be written as [168]:

R1 ⋅R2 ⋅ exp (2 la (g − α)) = 1 (4.8)
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where g is the gain coefficient per unit length of the active medium with length la.

Within the rate equation description of the laser process the losses have been described

with the photon cavity lifetime τc, which is the ratio of the cavity round-trip time tr

and the power loss per round-trip γ [168]:

τc =
tr

γ
(4.9)

When rewriting equation (4.8) as

2 g la = −ln (R1R2) + 2α la (4.10)

one can see that the right-hand side equals the losses γ in the cavity during a round-trip

which leads to an expression for the photon cavity lifetime in the form of

τc =
2 lc
c
(−ln (R1R2) +L)−1 . (4.11)

The round-trip time has been expressed using the cavity length lc and the speed of light

c, and the absorption coefficient has been expressed using the optical round-trip losses

L within the resonator.

Both the rate equation description and the theory for the spatial laser beam descrip-

tion inside the resonator will be used in section 4.3.

4.2 Q-switching of solid-state laser

Q-switching is a technique to generate pulsed laser output with high energy short pulses

by means of rapidly changing the quality of the laser cavity. The quality of the cavity

is defined as the ratio of the stored energy in the resonator to the energy losses per

round-trip [168]. By therefore modulating the losses in the cavity a change of the Q-

factor can be achieved. This change has to occur in a short time scale, preferably in the



4.2 Q-switching of solid-state laser 98

(a)

(c)

(b)

Acousto-optic modulator

Pockels cell
Polariser

Rotating prism

Figure 4.3: Commonly used Q-switch elements: (a) acousto-optic modulator changing
the beampath through the resonator with acoustic waves in the modulator,
(b) electro-optic modulator changing the beampath of polarised light, (c)
rotating prism with circular cavity and two simultaneous output spots.

nanosecond range, to enable the creation of pulses with peak powers several order of

magnitudes higher than the possible output for continuous laser operation. For active

Q-switching a change of the losses of the cavity translates to a misalignment of the

cavity. Common techniques for achieving this are shown in Fig. 4.3.

Using an acousto-optic modulator (AOM) as active Q-switch (see Fig. 4.3(a)) makes

use of the diffraction encountered by an em-wave when an acoustic wave is present in

the modulator. The acoustic wave will create a periodic refractive index change which

creates the diffraction and changes the beam path, therefore switching the cavity to a

low Q state. During this state the optical pumping of the gain medium builds up a

high population inversion level. When switching the AOM off the cavity returns to its

previous alignment, which is equal to a high Q state, and will therefore resume laser

operation in form of a pulse. Switching times of the AOM are generally fast, in the

order of several nano-seconds.

For faster modulation speeds, electro-optic modulators (EOM) in the form of a Pock-
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els cell (see Fig. 4.3(b)) can be used to create Q-switched or mode-locked pulsed outputs.

The Pockels cell changes the polarisation of the passing em-wave due to an induced bire-

fringence in an optical medium by an applied electric field. When using an additional

polariser in the cavity only one polarisation state exhibits low losses and therefore a

high Q in the cavity. When applying an electrical signal to the modulator, it will rotate

the incoming polarised light, which therefore will exhibit only a part transmission on

the next polariser pass and therefore a low Q.

A third method for Q-switching lasers is a mechanical Q-switch in the form of a

rotating prism or mirror (see Fig. 4.3(c)). In this case, the tilt of the prism or mirror

will increase the losses of the cavity and set it to a low Q. The rotation usually takes

place at a constant angular speed in a single direction, which allows a low Q during

most of the rotation period and a high Q only during the pass through alignment. The

use of a prism reflector instead of a mirror will reduce alignment requirements as an

incoming beam will be reflected back in the same direction over a range of angles. This

also leads to the build-up of a ring cavity as two discrete points on the output coupler

will reflect the intra-cavity beam back to the prism (see Fig. 4.3(c)).

For an ideal fast Q-switch the change between low and high Q in the cavity is con-

sidered to occur instantaneously (see Fig. 4.4(a)). This can be assumed for EOM and

AOM Q-switching. In this case a pulse starts to build up from noise when the quality is

switched to a high state, with the photon density rising exponentially. The maximum

of the emitted pulse is not reached until a delay time td during which the photon den-

sity build-up occurs. The initial population inversion density ni is above the threshold

density nt and monotonously decreasing to a level of nf after the pulse, which is below

the threshold population density for cw laser output. In this and all other relevant

Q-switch cases the time evaluation of the pulse is short enough so that both the effects

of pumping and spontaneous emission, which are present in the general rate equations

(4.1) and (4.3), can be neglected as their time constants are considerably longer than

the Q-switching time.



4.2 Q-switching of solid-state laser 100

t

nf

ni

gmax

gmin

fmax

nt

t

nf

ni

g( )t

fmax

fast Q-switch slow Q-switch

(a) (b)

td

Figure 4.4: Loss γ, population density n and photon density φ for the Q-switch cases
of (a) fast Q-switching and (b) slow Q-switching.

In the case of slow Q-switching the change of losses in the cavity is not occurring

instantaneously but has a time dependent component. This is present for rotating

mirror or rotating prism Q-switches, where the end-reflector rotates unidirectionally

and moves through the cavity alignment position. This case will also be applicable for

the micromirror Q-switch developed in this thesis. In this case the loss curve follows

a shape similar to the one shown in Fig. 4.4(b). The build-up of a pulse starts when

the gain, which is related to the population inversion density, in the cavity equals the

decreasing loss function γ(t). After a delay-time, similar to the fast Q-switch case, the

pulse reaches its maximum when the gain drops to the instantaneous loss value due to

saturation. If the gain is high enough so that the gain-loss equality occurs at a relatively

high loss, it can occur that the population inversion and therefore the gain after the

first pulse will be high enough to equal the instantaneous losses a second time and a

second pulse can be emitted. The second pulse has a lower energy due to a lower initial

population inversion density. If the loss change is fast and the pulse build-up time is

therefore longer than the time needed for the loss function to rise again, a pulse will

be emitted after the minimum loss point was reached. The pulse energy in this case

is relatively low as the maximum of the pulse will be emitted at a time when again

higher losses are present in the cavity. To achieve optimum switching in the case of a
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slow Q-switch, the maximum of the pulse needs to be emitted at the point of lowest

losses. This means the instantaneous losses need to equal the gain in the cavity at a

time point before the lowest losses, which is equal to the pulse delay time td.

The MEMS scanning micromirrors used in this work as active Q-switches are similar

to rotating mirror Q-switches and fall in the slow Q-switch category. The difference to a

rotating mirror, apart from size, driving principle, fabrication and material properties,

is a bidirectional movement of the mirror through the alignment position. This will

not change the general temporal progression discussed above but a difference in the

spatial distribution will have to be taken into account, which will be discussed later in

this chapter. General requirements for MEMS micromirrors as Q-switch elements are

movement speeds, which are fast enough to avoid multiple pulsing and enable short

pulse durations, a mirror surface that shows a flat enough curvature to build-up a

stable short cavity, coatings that have a reflectivity high enough to allow lasing and

a movement stability that reproducibly moves the mirror surface through the cavity

alignment point. These range of factors are considered in detail in section 4.4 and

following.

4.3 Theoretical model for Q-switching with MEMS scanning

mirrors

The theoretical laser model developed in this section is based on similar models devel-

oped for rotating prism Q-switch actuation [170,171]. However, in the presented work a

novel approach using the bidirectional movement of the scanning mirror and the associ-

ated non-constant angular velocity through the alignment is required rather than using

the constant angular velocity and unidirectional movement from the previous models.

The schematic for a scanning mirror Q-switched laser can be seen in Fig. 4.5 where

the mirror scans through the cavity alignment position, which coincides with the mir-

ror rest position at θ = 0mrad. To obtain an insight in the behaviour of a solid-state
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Figure 4.5: Schematic cavity layout for MEMS scanning mirror Q-switching including
parameters used for the theoretical model.

laser Q-switched by a MEMS scanning micromirror a theoretical model for the time

dependent behaviour of the laser output and the related spatial distribution is devel-

oped. The model discussed here is based on the coupled rate equation system of the

population inversion density and the photon density (see section 4.1.1). Similar models

were developed for rotating mirror Q-switched lasers [170,172] where the unidirectional

constant rotation of the mirror was considered in the rate equations using a varying

loss function. For the bidirectional rotation with varying angular speed occurring with

the scanning mirror, a similar approach will be taken. This will give an estimation of

the pulse timing and temporal build-up of the pulse. The time dependent behaviour

will be used to estimate the spatial output of the MEMS Q-switched laser by using an

ABCD matrix calculation model, which has the occurring pulse timing as input. The

evaluation of the output behaviour in a full em field simulation, as for example per-

formed in [173] for a rotating mirror Q-switch, is in a first approximation not essential

and not considered in this case, but could be of interest for a future approach looking

at the spatial intra-cavity field distribution during the pulse development.

4.3.1 Temporal model for MEMS scanning mirror Q-switching

The basis for the temporal simulation model has already been discussed in section 4.1.1

with the general description of the rate equations. Certain further approximations can

be made to apply them for the description of Q-switching. The time duration for the

whole Q-switch pulse description is considered a lot faster than the timings for optical

pumping and spontaneous emission so that the two corresponding terms in equation
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(4.1) can be neglected. This leaves the two coupled rate equations from (4.1) and (4.3)

in the form:

dn

dt
= −nσ φc (4.12)

dφ

dt
= φ( la

lc
nσ c − γ(t)

tr
) (4.13)

The cavity decay time τc was in this case replaced by the ratio between the losses per

round-trip γ(t) and the cavity round-trip time tr as τc = tr/γ(t).
As the MEMS Q-switch is considered a slow Q-switch, the cavity losses will not take

the form of a step function but will be an explicit function of time in the form of [168]:

γ(t) = ln( 1

Roc

) + γ0 + γ1(t) (4.14)

where Roc is the reflectivity of the output coupler (OC), γ0 includes the intrinsic optical

losses at perfect alignment of the scanning micromirror, also including the reflectivity

Rmems of the MEMS micromirror, and γ1(t) represents the time dependent losses due

to the rotation of the mirror through the alignment throughout the laser pulse devel-

opment. This time dependent loss factor has been assumed in previous publications

arbitrarily as a cosine-function [168, 172] or as a linear fit to measured values around

the midpoint [170]. In the model presented here, it will be described in the form of a

cosine-function based on a fit to the angular dependent losses obtained from a Caird-

analysis [174] for a 3-mirror cavity set-up. This fit does not directly depend on the time

evaluation but on the mechanical scan angle θ(t) of the MEMS mirror and takes the

form

γ1(t) = 1 + cos (A′ ⋅ θ(t) + π) (4.15)

where A′ is a fitting parameter. The time dependent scan angle of the mirror also takes

the form of a cosine-function as

θ(t) = cos (2πf ⋅ t) (4.16)
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Figure 4.6: Exemplar description of (a) MEMS angular position over time and (b) loss
variation over mirror angle.

with the time origin being defined at the maximum angular deflection point of the mirror

(see Fig. 4.6(a)) and f being the mechanical movement frequency of the scanning mirror.

An example for both the loss variation over the scan angle and the mirror angular timing

can be seen in Fig. 4.6.

With the losses as additional time dependent factor in the rate equation system of

(4.12) and (4.13), this ordinary differential equation (ODE) system will be solved nu-

merically using a Runge-Kutta method implemented in the Matlab function ”ODE45”.

For this numerical approach it is necessary to define the boundary conditions for the

initial photon density φ0 and the initial population inversion density n0. As the laser

output is off before the Q-switch build-up, φ0 = 1 can be assumed, which represents the

noise from which the pulse will build-up. The initial population inversion density can

be calculated using the critical inversion density nic at threshold, with the Q-switch

open and operation in cw mode, and the ratio between the pump power Pp and the

pump power at the laser threshold for cw output Ppc. With the pump power being

proportional to the pump rate this ratio can be expressed for the initial population

inversion density n0 as [167]

n0 =
Pp

Ppc

⋅ nic (4.17)

with nic being defined as

nic =
−lnRoc + γ0

σ la
. (4.18)

With the parameters for the boundary system and the rate equations defined, the
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Figure 4.7: Schematic of example laser cavity used for the simulation description.

Matlab code (shown in Appendix B) will output the time development of the inversion

density and the photon density in the cavity. Using the parameters of the cavity

described in Fig. 4.7, a simulation output as seen in Fig. 4.8(b) will be achieved. The

relevant parameters used are an overall cavity length lc = 123mm with a length of the

Nd:YAG gain medium of la = 63mm, a MEMS total optical scan angle of TOSA = 40○

at a mechanical movement frequency of f = 8kHz, intrinsic optical cavity round-trip

losses of γ0 = 0.01, a fitting parameter A′ = 50 for the time dependent losses and a

power ratio of
Pp

Ppc
= 1.32. Using these parameters the time dependent cavity losses γ(t)

take the form displayed in Fig. 4.8(a). The time origin of this figure was formatted after

solving the ODE system to coincide with the zero crossing of the moving mirror, which

is the point of lowest losses during the Q-switch pulse cycle. The output laser pulse is

shown to occur after the crossing of the mirror through the midpoint alignment, with a

maximum of the intra-cavity photon density φ occurring at a delay of 492ns after the

midpoint alignment. The full width half maximum (FWHM) pulse width is τ = 77ns .

The population inversion will drop from an initial value of 9 ⋅ 1022m−3 to a final value

of 6.4 ⋅ 1022m−3. After the pulse this level will increase to the initial value again due to

constant pumping of the gain medium.

To show the influence of some changeable parameters of the example laser cavity, the

rate equation system was simulated for changing OC reflectivities Roc (see Fig. 4.9(a)),

varying initial losses γ0 which can be caused by varying the MEMS mirror reflectivity

Rmems (see Fig. 4.9(b)), and varying pump power Pp (see Fig. 4.9(c)). In each case all
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(a) (b)

Figure 4.8: (a) Time dependent cavity losses used for the example and (b) simulation
outputs of the inversion density and the photon density showing a pulse
delay of ≈ 0.5µs.

other parameters described in the previous paragraph were kept constant. It can be

seen that a reduction of the OC reflectivity from the originally used value of 80% will

lead to a reduced pulse duration and also to a reduction in the pulse delay time. OC

values of 85% and higher will lead to a vanishing output pulse as the pulse delay is high

enough so that the pulse would occur while the cavity would not be aligned through the

transverse profile of the gain medium. At a reflectivity of roughly Roc = 71%, an optimal

pulse timing will be achieved with zero delay between the peak of the output pulse and

the crossing of the midpoint alignment position. For lower reflectivities, the pulse will

be emitted before reaching the midpoint position. The reduction of the delay time

can be explained due to the present higher pumping level and therefore higher initial

inversion density as the increased losses due to the higher output coupling require a

higher pump power to reach the same ratio of pump power to threshold power Pp/Pth.

A similar effect can be seen for a variation of the initial losses γ0, where an increase

of initial losses lead to a reduction of the pulse duration and pulse delay time. For a

variation of the initial losses, a zero delay pulse output can be achieved for the here

presented cavity with a value of roughly γ0 = 0.13. For a variation of the pump power

level, a reduced pulse duration and pulse delay can be achieved with an increase of

the ratio of pump power to threshold power Pp/Pth. Up to a ratio of 1.35 the pulse

duration shows a faster reduction with increased pump power which can be explained
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Figure 4.9: Simulated parameter variations of (a) output coupler reflectivity Roc, (b)

initial loss γ0 and (c) pump power ratio
Pp

Pth
.

by an operation just above threshold. A zero pulse delay is reached in this case for a

pump power ratio of Pp/Pth = 1.47.

The simulated temporal behaviour, showing a pulse timing dependent on the initial

inversion density, is similar to results obtained by a full em field simulation demon-

strated for a rotating mirror Q-switch with constant angular velocity [173]. A positive

pulse delay time is also shown for lower inversion densities, equivalent to lower Pp/Pth

ratios, and is moving to negative pulse delays for higher inversion densities.

4.3.2 Spatial model for MEMS scanning mirror Q-switching

The spatial simulation of the laser output is based on an evaluation of the ray-propagation

through the laser cavity using the ABCD matrix formalism, which was already used

in chapter 4.1.2 for deriving an expression for the laser cavity stability. For the spa-
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Figure 4.10: Example laser cavity for spatial simulation including characteristic param-
eters.

tial simulation of the laser output a ray is assumed to leave the MEMS mirror at the

transversal position xin with an angle θin to the cavity centre axis. This angle matches

the instantaneous mirror angle at the time when the simulated output pulse from the

temporal model has reached its maximum. With the ABCD formalism we can then

calculate the transversal position xout and angle θout at any point through the cavity

and after the OC. The relationship between the output and input can be written as in

chapter 4.1.2 in the form ⎡⎢⎢⎢⎢⎢⎣
xout

θout

⎤⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎣
A B

C D

⎤⎥⎥⎥⎥⎥⎦
⋅
⎡⎢⎢⎢⎢⎢⎣
xin

θin

⎤⎥⎥⎥⎥⎥⎦
(4.19)

with the ABCD matrix defined by the optical system through which the beam is prop-

agating. This matrix can be written as a combination of matrices defining individual

optical elements in the propagation path by using matrix multiplications with the order

of the multiplications running from the output back to the start point. A list of the

used matrices for individual optical elements can be found in table 4.1.

For an exemplar 2-mirror laser cavity, as shown in Fig. 4.10, we can then write for the

transversal beam position xout and beam angle θout at a measurement plane at distance
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Table 4.1: ABCD matrices for individual optical elements [169].

Element ABCD-matrix Describing parameter

Free space propagation

⎡⎢⎢⎢⎢⎣
1 l

0 1

⎤⎥⎥⎥⎥⎦ length l

Refraction at index change

⎡⎢⎢⎢⎢⎣
1 0

0
n′in
n′out

⎤⎥⎥⎥⎥⎦ n′in original and n′out following
refractive index

Thin lens

⎡⎢⎢⎢⎢⎣
1 0

− 1
f ′

1

⎤⎥⎥⎥⎥⎦ focal length f ′

Reflection at curved surface

⎡⎢⎢⎢⎢⎣
1 0

− 2
ROC

1

⎤⎥⎥⎥⎥⎦ radius of curvature ROC
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The dielectric layers of the OC mirror have been omitted in this case, as well as the

anti-reflection coatings on the laser rod, and the used parameters as defined in Fig. 4.10

are: the axial distance l1 between the MEMS mirror and the Nd:YAG rod, the length

la of the gain medium, the axial distance l2 between the Nd:YAG rod and the OC, the

thickness hoc of the OC, the refractive index n′Nd∶Y AG of the gain medium and n′bk7 of

the OC and finally the focal length f ′th of the thermal lens in the gain medium. This

thermal lensing effect is caused by a non-homogeneous radial heat distribution in the

laser rod which leads to a variation of the refractive index due to the thermooptic

effect [168]. The gradient of refractive index along the transverse profile of the rod

will act as a positive lens with the focal power dependent on the heat gradient and

therefore also on the optical pump power. As approximation the effect is assumed to

be equivalent to a thin lens with equivalent focal length which is located at the axial
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Figure 4.11: Midpoint pulse propagation through the example 2-mirror laser cavity.

midpoint of the gain medium.

For the example used earlier, the temporal behaviour can now be expanded with a

spatial description. The pulse delay time of 492ns leads to a MEMS mirror angle of

4.32mrad which is set to be the input angle θin. When assuming that the output beam

will originate at the MEMS midpoint with xin = 0 the spatial midpoint position at a

measurement plane 50mm from the OC can be calculated as 581µm. A thermal lens

of the gain medium with a focal length of 600mm is in this case assumed, which is in

the range of values present for the experimentally observed driving conditions using an

OC with R = 80%. As this spatial midpoint offset of the output pulses will apply to

both movement directions of the scanning mirror, a dual spot output with midpoint

separation of 1.16mm is expected when the outputs originate from the MEMS mirror

midpoint. The overall spatial pulse propagation through the example 2-mirror laser

cavity is shown in Fig. 4.11.

Both the temporal and spatial model developed over the last sections will be used

in section 4.7.3 to model the experimentally investigated laser behaviour. The pre-

sented model shows similar to the later presented experimental data a dual spot output

behaviour, originating from the non-optimum pulse delay times in combination with
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wt = 12 m / 13 mm m

fillets

D = 700 mm m

l = 2200 mdevice m

wcomb = 10 mm

wgap = 6 mmlcomb = 160 mm

Figure 4.12: Schematic of the scanning mirror design used as Q-switch including filleting
at beam connections and an inset of the comb-drive structure.

the bidirectional mirror movement. This behaviour is not observed for other slow Q-

switches such as rotating prisms. In the following sections 4.4 and 4.5 the scanning

micromirror used for this investigation is introduced together with the necessary HR

coatings for the mirror surfaces for the device to be used as intra-cavity laser element.

4.4 MEMS mirror design

The MEMS micromirrors used to obtain Q-switching actuation of a Nd:YAG laser are

based on a similar design to the one discussed in chapter 3. An electrostatic comb-drive

actuation was chosen to allow high movement speeds through the alignment, which are

created by a combination of resonance frequencies in the multiple kilohertz range and

total optical mirror scan angles (TOSA) of several tens of degrees. A design overview

of the MEMS mirror can be seen in Fig. 4.12. The single side comb-drive consists

of 12 pairs of combs with 160µm length and a width of 10µm. The use of a comb-

drive on only one side was due to design constraints for an array configuration which

is discussed in chapter 5. The size of the 700µm diameter round mirror surface was
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Figure 4.13: Overall mesh and inset with detailed mesh at the torsion beam - mirror
connection for the FEM simulation using brick layout for torsion beams
and a prism layout for the mirror surface.

chosen to balance the requirement of a mirror size large enough to accommodate the

full laser mode and a size small enough to achieve resonant frequencies in the high

single digit kilohertz range with scan angles of multiple tens of degrees. The second

factor influencing the movement frequencies and angular range is the spring connection,

which is made up of two torsion beams with 750µm of length and a width of 12µm.

The connections to the mirror and the anchor pads are filleted with a radius of 11µm to

avoid increased stress concentrations. As the device was fabricated with MEMSCAP’s

SOIMUMPs process discussed in chapter 3.2, a choice of 10µm or 25µm thickness for

the device layer was available, with 25µm chosen for increased initial flatness of the

mirror surface and a reduced surface deformation after coating of the mirror.

The mechanical behaviour of the mirror was simulated using the FEM software COM-

SOL Multiphysics similar to the calculations used in previous chapters. The simulation

aimed to evaluate possible resonant movement modes of the device and the associated

eigenfrequencies of these modes. With these FEM simulations the torsion spring width

and length were adapted to their final value to try to avoid cross talk between the

mirror tilt movement mode and in-plane movement modes (see Fig. 4.14). Cross talk

can in this case occur when the in-plane mode frequency is an integer multiple of the

tilt mode frequency, or vice versa, as a sub- or super-harmonic excitation can occur,

coupling the external actuation energy not only in the tilt resonance movement but
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Mode 1, f = 5.876 kHz Mode 2, f = 8.245 kHz Mode 3, f =11.601 kHz

Mode 4, f = 17.251 kHz Mode 5, f = 46.047 kHz Mode 6, f = 85.941 kHz

Figure 4.14: FEM simulation results of the first six mirror eigenmodes with their re-
spective resonance frequency (with the used tilt mode highlighted).

also in the in-plane movement. The avoidance of cross talk to the in-plane mode is

especially considered, as a parasitic in-plane movement will reduce the lateral gap be-

tween the fixed and moving combs of the actuator structure and therefore lead to a

pull-in behaviour with sticking of the comb structure and subsequent annihilation of

the mirror movement.

The simulation inputs are the device dimensions and anisotropic material properties

for the silicon used in the fabrication process, as summarised in table 3.1. The orien-

tation of the fabricated torsion beam connection is along the x-axis of the ⟨100⟩ silicon
wafer which requires a 45○ in-plane rotation of the model to align the given material

properties with the used silicon crystal axis. The solid physics settings of the simulation

need to be adjusted to anisotropic material properties and fixed boundary conditions

need to be set at the bottom of the anchor pads for the eigenfrequency evaluation. The

required meshing of the device for the FEM simulation was split into two parts, a brick

type mesh for the combs as well as for the torsion beams and a prism type mesh for the

mirror structure, both with three layers through the device thickness. The resulting

mesh structure can be seen in Fig. 4.13. An in COMSOL built-in direct MUMPS solver

has been used to evaluate the first six resonance movement modes which are shown with

their associated eigenfrequencies in Fig. 4.14. The relevant tilt movement mode used
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Figure 4.15: Schematic to determine the TOSA θ from a displacement of a HeNe guid-
ance beam on a screen.

in this chapter is highlighted and shows a simulated mechanical movement frequency

of 8.25kHz.

4.4.1 Resonance frequency and angular behaviour

The angular frequency response of the fabricated device was tested reflecting a HeNe

laser guidance beam from the mirror surface and evaluating the resulting scan lines

on a screen. The MEMS chip was mounted on a custom built PCB board with the

electrical pad connections on the chip being wire bonded to the PCB tracks to allow

electrical connection via the PCB. To minimise possible errors due to angled reflections,

the guidance laser is directed through a hole in the screen with the reflection on the

non-actuated mirror hitting the screen about 5mm below the incident beam hole. The

scan angle under actuation is evaluated by measuring the length d of the scan line on

the screen (see Fig. 4.15). The TOSA θ can then be calculated with the distance D′

between the MEMS mirror and the screen using

θ = 2 ⋅ arctan( d

2 ⋅D′) . (4.21)

The use of a vibrometer setup for a more accurate and automated determination of

the frequency response is not possible in this case, as the scan angles are larger than

the collection angle of the microscope lens used in these setups. In a vibrometer setup

the actual movement frequency would be directly detected. To confirm the movement
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Figure 4.16: Frequency response curve for fundamental square-wave actuation of the
MEMS mirror, including the temporal excitation and movement schematic.

frequency for the screen measurement a photodiode was inserted at the edge of the scan

line with the repetition rate of the received signal showing the mechanical movement

frequency.

The actuation of the tilt resonance mode of the mirror is obtained using an Agi-

lent 33250A signal generator with a square-wave output signal with 50% duty cycle

combined with a FLC A400 times 20 high voltage amplifier. The active part of the

driving signal is connected to the fixed combs of the actuator with the moving struc-

ture connected to the ground. A 10kΩ resistor is connected in series between the

amplifier output and the connection to the MEMS to avoid thermal destruction of the

actuators in the case of a short between the moving and fixed combs. Actuation with

a square-wave signal and an electrical frequency matching the mechanical movement

frequency is shown in Fig. 4.16. The device was actuated using unipolar voltage steps

between 0V and 160V, 180V or 200V, with the highest TOSA response of 21○ at the

200V actuation. The corresponding excitation and mechanical movement frequency is

8.34kHz, which shows a good match between the simulated eigenfrequency of 8.25kHz

in the previous section. With a reduction of the actuation voltage a shift towards lower
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Figure 4.17: Frequency response of harmonic square-wave actuation of MEMS including
the temporal excitation and movement schematic.

resonance frequencies can be seen with a 5Hz drop for each shown step. The reason

of this frequency shift can be found in the nonlinear behaviour associated with the

electrostatic driving as discussed in chapter 2. The shape of the individual frequency

response curves shows only a negligible asymmetry but no tilt associated with spring

softening or hardening nonlinear behaviour.

A higher angular response of the device can be achieved when using an electrical

square-wave actuation signal with a frequency double of the mechanical resonance fre-

quency. In this case the on part of the signal will correspond with the part of the

movement cycle having a mirror movement from the maximum angle to the centre po-

sition. As the electrostatic actuation only consists of an attracting force this leads to a

synchronisation between the actuation and movement where the force is only applied

at the movement parts from the maximum positions to the mirror rest position (see

right side of Fig. 4.17). The frequency response curve for this harmonic excitation is

shown in Fig. 4.17 with a maximum TOSA for the 200V actuation of 73○ at a mechan-

ical movement frequency of 8.323kHz. In this actuation case, a clear spring softening

nonlinear behaviour is observable with annihilation of the movement shortly after the
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ROC = 0.56 m
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(a) (b)

Figure 4.18: ROC measurement for the uncoated mirror surface with (a) x-axis scan
including a spherical fit and (b) 3D profile.

maximum angular response on a frequency down-sweep. A similar behaviour is visible

for the two other actuation voltages used, with a slight reduction of resonance frequency

by a couple of Hertz and a reduced angular response of 63○ TOSA for 180V actuation

and 55○ TOSA for 160V actuation.

4.4.2 Radius of curvature

The surface curvature of the fabricated mirrors was measured using a Veeco NT1100

optical white light interferometer, using a ten fold magnification with a lens combination

of a x20 objective lens with NA of 0.4 and a x0.5 imaging lens. The uncoated mirror

surface shows a spherical concave shape due to intrinsic stresses in the device layer,

originating from the non-uniform doping concentration through the thickness of the

device layer during fabrication. The measured 3D profile and scan-line along the torsion

beam axis (denoted ”x-axis”) is shown in Fig. 4.18. The average ROC of 7 fabricated

mirrors along the x-axis is 0.56m which is fitted to the measurement graph with good

agreement. From the ROC one can calculate the stress in the device layer along this

axis as [156]

σ′ = − E ⋅
h
2

ROC
(4.22)
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with the device layer thickness h, the Young’s modulus E and the measured ROC. For

the 25µm thick device discussed this leads to a residual stress of −4.34GPa in the

device layer after fabrication and release of the mirror when using the Young’s modulus

values from chapter 3.

4.5 Coatings for high reflective mirrors

The scanning micromirrors require a thin film coating of their surface to enhance their

reflectivity at the lasing wavelength of λ = 1064nm, as the inherent reflectivity of silicon

is only about ≈ 30% for this wavelength. HR coatings are desired as they reduce the

losses inside the laser cavity and therefore increase the slope efficiency and reduce the

threshold of the laser actuation. Additionally, HR coatings will reduce the absorption

of intra-cavity optical power on the mirrors and therefore increase the power handling.

To increase the reflectivity of the single crystal silicon mirror surface at the desired

lasing wavelength of λ = 1064nm, a metallic or dielectric coating has to be applied.

The active MEMS Q-switch and mode-locking elements published so far are either

directly constructed of a metallic cantilever or membrane structure [150,152–155,175] or

incorporate a HR gold or dielectric coating [5,176]. Only Inoue et al. [149] demonstrated

a Q-switched microchip laser using a piezoelectric vibrating MEMS mirror without

metallic or dielectric layers, but by using a polymer layer structure which reached a

reflectivity of up to 87% at their lasing wavelength of 1064nm.

For the experiments discussed in this work both a gold coating and a stack of dielectric

coating layers has been applied to the micromirror surface, with their characteristics

and influences on the mirror structures described in the following two sections.
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Figure 4.19: (a) Design layout of the coating mask and (b) masking layers and overlap
of the coating mask relative to the used MEMS chip.

4.5.1 Gold coatings

The use of gold as an HR coating layer offers a broadband reflectivity over a wide range

in the near infrared (NIR) spectrum with usual reflectivity levels as high as 96% [177]

for incident light with a wavelength between 800nm and 20µm. The coatings used here

have been applied using an in-house post-fabrication process by thermal evaporation of

the metallic layers onto the MEMS scanning mirror surfaces. The thermal evaporation

was conducted by Dr. John Mackersie from the Centre for Ultrasonic Engineering of

the University of Strathclyde. The chosen layer structure consisted of a thin chromium

layer of around 10nm thickness, to increase the adsorption of gold on the silicon surface,

and a gold layer with a targeted thickness of around 250nm. A variation of the layer

thickness can occur as the coating chamber only used a single measurement point for

the thickness estimation during the coating. The deposited overall metal thickness was

measured as 240nm after the coating process by using a Dektak Series 6M contact

stylus profiler at edges of the metal coating on a microscopy slide used as holder.

The MEMS chips for coating have to be fixed on a microscopy slide as holder and need

to be masked, to only coat the mirror surfaces. Without masking, a conducting coating

layer deposited over the whole chip would short the comb-drive actuation electrodes
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Figure 4.20: Whitelight interferometer measurement of parts of the coated micromirror
array, with (a) 3D image of the measured area and (b) line scan of the
coating edge on the substrate.

and hinder any movement actuation. The mask layout for multiple scanning mirrors in

an array configuration, shown in Fig. 4.19, was realised in a thin aluminium sheet with

side dimensions fitting the MEMS chip dimensions of 11mmx5.5mm. The chip and

mask were aligned manually using an optical microscope for exact positioning and were

fixed relative to each other using Kapton tape around the circumference of the mask.

An overview of an optical profile of a coated array of scanning mirrors, taken by

a white light interferometer scan, is shown in Fig. 4.20. A reduction of the coating

thickness can be seen at the edges of the coated area due to shadowing effects from the

mask suspended above the chip during coating. The surface profile of one of the gold

coated mirrors, used for the 3-mirror laser cavity evaluation shown later, can be seen in

Fig. 4.21(a) which shows a ROC of 0.22m. The reduction of ROC from the uncoated

value of 0.56m, and therefore increase in curvature, is due to additional stresses from

the gold and chromium coating layers, which generate a compressive stress during

adsorption and cooling on the mirror surface.

To evaluate the changes to the mechanical resonance frequencies and movement an-

gles induced by the coating, an FEM simulation similar to the one described earlier in

this chapter was used with inclusion of the 240nm gold layer. The order of resonance

modes remained unchanged; however a drop of the resonance frequencies of about 4%

could be observed. For the two lowest movement modes this leads to a new simulated
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(a) (b)

coating influence

Figure 4.21: (a) Surface curvature and (b) frequency response of the gold coated mi-
cromirror used for the 3-mirror laser cavity.

resonance frequency of 5.621kHz for the parasitic in-plane movement and of 7.858kHz

for the desired tilt movement. The experimental behaviour after coating was evaluated

using the same projection setup as before with the results shown in Fig. 4.21(b). The

actuation of only the harmonic excitation is displayed as the results from the uncoated

chips showed a more than threefold increase of the angular scan range compared to the

excitation with the fundamental frequency. As actuation signal a square-wave voltage

signal was again used with peak to peak voltages of 160V, 180V and 200V. The actu-

ation limit of 200V is set by the maximum available output of the signal generator and

amplifier combination used for actuation. Higher actuation voltages can possibly be

used, up to a voltage limit at which an in-plane pull-in of the comb-drives occurs. The

highest scan angle for the 200V actuation is 79.1○ at a mechanical movement frequency

of 7.910kHz, which is equivalent to an excitation frequency of 15.820kHz. The shape

of the frequency response curve stayed nonlinear with a clearly visible spring softening

behaviour, similar to the uncoated device. The drop in resonance frequency is in good

agreement with the estimated frequency shift from the adapted FEM simulation.

The second gold coated mirror, used in this chapter for the 2-mirror laser cavity

evaluation, showed a ROC of 0.35m after coating (see Fig. 4.22(a)). The variation in

the change of ROC due to the coating can be explained due to the non-uniform coating

created through the shadow mask. The resonance frequency of this second gold mirror
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coating influence

Figure 4.22: (a) Surface curvature and (b) frequency response of the gold coated mi-
cromirror used for the 2-mirror laser cavity.

also shifts to a lower frequency after coating with a peak at 7.93kHz for the wanted tilt

movement at 200V actuation. The frequency response curve can be seen in Fig. 4.22(b)

with a maximum scan angle of 77.3○. The variation of the resonance frequency of 20Hz

between the two used gold coated mirrors originates from manufacturing tolerances of

the SOI chips and the already mentioned variance of the post fabrication coating layer

thickness due to mask shadowing effects.

The measurement of the resulting reflectivity R at the lasing wavelength of 1064nm

of the Nd:YAG module was achieved by measuring the ratio of incoming and reflected

optical power on a reference spot on the coated microscopy slide used for mounting the

MEMS chip in the evaporation chamber. A 2 mirror laser cavity using conventional

mirrors around the Nd:YAG module was used as a continuous wave (cw) probe beam

for this purpose. With an incident laser power between 25mW and 750mW an average

reflectivity of R = 96% was found at λ = 1064nm.

When inserting the mirrors into a laser resonator, the non-reflected intra-cavity opti-

cal power will be absorbed in the gold coating and silicon mirror. This leads to heating

of the overall mirror structure as heat conduction through the mirror torsion beams is

in first approximation the only effect removing heat from the device. This temperature

increase can lead to a change of the resonance frequency of the mirror (see also section

5.3.3), which will directly affect the mirror scan angle. Additionally the melting point
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of the gold coating can be reached which will damage the coating and hinder further

lasing actuation. To avoid damage to the coating and annihilation of the resonance

movement, the average laser output power was limited to a level where a reduction of

the scan line could be observed. For a laser cavity with an OC reflectivity of Roc = 80%

this limit was set at approximately 75mW average output power.

4.5.2 Dielectric coatings

The usage of a stack of dielectric layers as HR coating allows the possibility to reach

reflectivity values ideally higher than 99.5% for a desired wavelength by using λ/4 layer

thicknesses, with λ = λ0/n′ being the desired HR wavelength in a medium with refractive

index n′. This layer structure leads to constructive interference of the reflections at each

refractive index change. A λ/4 thickness is necessary due to a phase shift of 180○ for

reflections at a refractive index boundary where the next medium has a higher refractive

index. The amplitude of the reflection on each layer boundary is dependent on the

difference between the two participating refractive indices, with a higher refractive index

change leading to a higher reflection amplitude of the em wave. This leads to a desired

material combination with high refractive indices difference to achieve HR coatings

with as little as possible layers. Additional constrains for the material selection are

a necessary transparency at the desired wavelength of 1064nm and further necessary

coating layer parameters specific for the coating task of thin micromirrors. These

include low thin film stresses of the individual coating layers, with idealy a cancellation

of the stresses by the two different material layers as well as a similar coefficient of

thermal expansion in respect to the substrate material to avoid additional heat induced

stresses during operation.

To achieve low stress HR coatings for thin micromirrors, a coating investigation with

the company Helia Photonics Ltd based in Livingston, Scotland was initiated using

electron beam deposition of the thin layer structures with evaluation of the resulting

stresses and reflectivities undertaken at the University of Strathclyde. Possible material
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Figure 4.23: Simulated dielectric coating normal incident reflectivity behaviour with
varying coating layer pairs (simulation carried out by Helia Photonics
Ltd.).

combinations that were available lead to a selection of silica (SiO2) and niobia (Nb2O5)

as the layer combination (with the possible use of tantalum oxide (Ta2O5) as buffer

layer). Silica is in this case the material with a lower refractive index of 1.45 at a wave-

length of 1064nm while niobia has the higher refractive index of 2.32 at this wavelength.

This leads to the necessity of niobia being the top layer of a stack of alternating layers

for achieving HR coatings. The estimated stress behaviour for thin coatings showed a

tensile stress for SiO2 and a compressive stress for Nb2O5. A tensile stress denotes a

curvature change towards a further convex shape, while compressive stress leads the

substrate to curl in a further concave direction. This single layer stress behaviour was

experimentally confirmed by coating silicon micromirror samples with a λ/4 layer of the

respective materials. For all dielectric coatings only the bondpads of the MEMS chips,

used for creating the electrical connections, were masked during the coating. A HR

coating layer is therefore also accessible on the plane substrate surrounding the mirror

structures.

To estimate the number of layer pairs needed for reflectivity values above 99%, a

simulation of the reflection behaviour for normal incidence with varying wavelength

was set up by Helia Photonics leading to the graph shown in Fig. 4.23. As can be seen

in the inset, a reflectivity of above 99% at 1064nm can theoretically be reached with
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(a) (b)

Figure 4.24: (a) Surface curvature of the dielectric coated micromirror and (b) frequency
response after coating using square-wave excitation.

8 layer pairs of Niobia and Silica, while 16 pairs will lead in theory to a reflectivity of

above 99.99%.

The evaluation of the resulting curvatures of the 25µm thick mirrors after coating

was performed using a Veeco NT1100 white light interferometer, while the resulting

reflectivities were measured using a 1064nm probe laser beam and evaluating the ratio

of incident and reflected power on the MEMS chip surface. At a current intermediate

stage in the project, coatings with reflectivities up to R = 97% and a layer structur of 12

pairs of silica and niobia were evaluated on an aditional MEMS micromirror array test

structure. This array was inserted in a 3-mirror cavity to create an active Q-switched

laser output. The resulting surface stresses on the micromirrors due to the dielectric

coatings tend to show a dependency on the underlying layer structure of previous coated

layers, with a general tensile induced stress behaviour with resulting curvatures of

convex shape and ROCs of −0.77m for the used test structure (see Fig. 4.24(a)). This

curvature change towards a convex shape has implications on the cavity setup of the

laser. A 2-mirror cavity using a flat OC mirror does not remain stable over a wide

range of thermal lens focal length values; therefore an additional optical element in the

form of a folding mirror is required inside a laser cavity to achieve the desired stability

range. The choice of using flat OCs was in this case taken due to the non-availability

of curved OCs for the experiment.
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The mirrors used for the currently most promising results (in respect of low stress and

high reflectivity at 1064nm) of the dielectric coating tests are similar to the devices used

in chapter 3. The thickness of the devices used here is the only difference with a 25µm

thick device layer present for the dielectric coated devices. The frequency response

after deposition of the dielectric coating can be seen in Fig. 4.24(b). The micromirror

is actuated using a square-wave driving signal with 200V peak-peak and an electrical

excitation frequency matching the mechanical movement frequency. This was necessary

as the first harmonic frequency of the mechanical tilt movement mode of the mirror was

shifted towards the resonant frequency of a parasitic movement due to the coating. The

maximum TOSA of the coated mirror is 13.3○ at a movement frequency of 10.415kHz,

with a symmetric frequency response curve without visible nonlinearities.

The used dielectric coatings are only an intermediate step in the project initiated

to develop low stress dielectric coatings for thin substrates like the micromirrors used

here. Therefore their performance is still not at the intended level. A reflectivity of

97% still leads to significant absorption of intra-cavity optical power and subsequent

heating of the mirror, which therefore still poses a power handling limit. Additionally,

the stresses induced by the coating are not at the desired level yet and limit the cavity

setup, which therefore will include an additional folding mirror in the laser setup used

for evaluation and discussed later in this chapter.

4.6 2-mirror cavity for short pulse durations

The gold coated chips were used to build up a 2-mirror laser cavity to evaluate the

possible shortest pulse durations using the scanning micromirrors as active Q-switches

for a Nd:YAG solid-state laser. Due to the mirror curvatures discussed in the previous

section, only gold coated mirrors were used in this case as the convex curvature of the

dielectric mirrors hinders the construction of a stable cavity for a wide enough variety

of thermal lens values of the gain medium with using the available flat OC mirrors.
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Figure 4.25: (a) 2-mirror Q-switch cavity schematic and (b) image of the assembled
cavity in the laboratory.

4.6.1 Cavity setup

A schematic overview and an image of the 2-mirror cavity chosen for inclusion of the

micromirror active Q-switch is shown in Fig. 4.25. The cavity is built around a side-

pumped Nd:YAG laser module with a standard flat dielectric coated BK7 OC facing one

end of the laser rod at a distance of 30mm and the gold coated MEMS mirror facing the

other end at the same distance. The Nd:YAG module is commercially available from

Northrop Grumman under the description RBA30-1C2 and consists of a 63mm long

Nd:YAG laser rod with 3mm diameter and three bars of laser diodes radially arranged

around the rod for optical pumping. The laser rod has a Nd doping concentration of

0.6% with two flat end facets that are anti-reflective coated at 1064nm. The pump

diodes allow continous wave (cw) pumping with a combined pump characteristic as

shown in Fig. 4.26(a), where the input current is supplied by a Glassman LP35-35 DC

power supply. The pump laser diodes have a threshold of 8.2A and an overal output

power slope of all three bars of 11.22W/A. The diodes in the laser module are water

cooled and run at a constant temperature of 22○C. During operation, the pump diodes

will heat up the laser rod creating an optical pump power dependent thermal lens within

the gain medium as specified by its focal length f ′th or focal power shown in Fig. 4.26(b).

A linear dependency of the focal power on the pump diode drive current can be seen

with an increased lensing effect for higher pump powers. This thermal lens needs to be

considered for the evaluation of the stability of the designed laser cavities.
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(a) (b)

Figure 4.26: (a) Combined pump-diodes characteristic and (b) thermal lens focal length
and focal power for the used Nd:YAG module (see Appendix C).

The simulation tool WinLase was used to evaluate the cavity stability and laser beam

radius throughout the cavity. It is based on an ABCDmatrix type Gaussian beam optics

solver and enables the evaluation of the above mentioned parameters by building up a

laser cavity with standard building blocks of freespace propagation, blocks of materials

with constant refractive indices and lenses or curved mirrors. The cavity shown in the

schematic in Fig. 4.25 was built-up resulting in a cavity stability diagram with varying

f ′th as seen in Fig. 4.27(a). A cavity stability of 1 depicts in this case a perfect stable

cavity while 0 depicts an unstable cavity. The thermal lens is included as a lens element

between two blocks of Nd:YAG with a length of 31.5mm each and refractive index of

1.8. For the relevant thermal lens focal length values between 1200mm and 300mm,

as shown in Fig. 4.26(b), a cavity stability close to 1 is reached. A reduction of the

stability will only appear when going to even lower focal lengths of the thermal lens

below values of 200mm. The Gaussian beam radius of the oscillating laser power for a

thermal lens focal length of 800mm, corresponding to a pump drive current of about

14A, is shown in Fig. 4.27(b). The two vertical lines depict the end facets of the laser

rod. The beam waist is located at the OC with a beam radius of 210µm while the

intra-cavity beam expands to a beam radius of 247µm at the MEMS mirror. This

results in a theoretical coverage of 50% of the mirror surface area by the laser beam,

which does not put any additional constraints on the cavity stability, as would be the



4.6 2-mirror cavity for short pulse durations 129

(a)
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Figure 4.27: (a) Simulated 2-mirror cavity stability with varying f ′th and (b) beam ra-
dius evolution through the cavity with MEMS mirror at right hand side.

case for beam radi that would exceed the MEMS mirror radius.

To build-up the cavity, the PCB board with the mounted MEMS chip was fixed on a

holder connected to a tip-tilt mirror mount for alignment purposes and an additional set

of linear translation stages for lateral positioning of the initial MEMS mirror position.

An initial cavity alignment was achieved by using a HeNe guidance laser entering the

cavity through the OC side.

4.6.2 Pulsed output at threshold and at 25 mW

To generate Q-switch output pulses the scanning micromirror is actuated using a square-

wave electrical driving signal with 200V peak-to-peak voltage and an offset of 100V

at a drive frequency of fel,1 = 15.87kHz or fel,2 = 15.90kHz. These two frequencies
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Figure 4.28: Measurement schematic for determination of the temporal and spatial out-
put characteristic; M: HR mirror for switching between spatial and tempo-
ral measurement, CCD: CCD camera, L: focusing lens with f ′ = 200mm,
PD1+2: photodiodes, OC: output coupler.

were chosen to evaluate the influence of the mirror midpoint speed, determined by the

different maximum angular mirror response at both frequencies. From section 4.5.1 the

values of the angular response of the mirror were θ1 = 69.8○ or θ2 = 41.1○. A 10kΩ

resistor is connected in series between the device and the voltage amplifier output to

avoid damage to the comb-drive in the case of shorting between the moving and fixed

combs.

The optical setup for measuring the temporal and spatial output characteristic of the

Q-switched MEMS laser is shown in Fig. 4.28. The laser output through each selected

OC is sequentially measured using a DataRay WinCamD-UC012-1310 CCD camera

(CCD) for the spatial characteristics and a Hamamatsu S5973 1.5GHz fast photodiode

PD1 in combination with a lens with 200mm focal length for the temporal character-

istics. The lens was used to focus the output to avoid any truncation of the output

characteristics over the full spatial beam width. The PD1 signal was amplified using

a Femto DHPCA-100 amplifier and measured on an Agilent DSO6034A oscilloscope

with a maximum temporal resolution of 0.5ns. A HeNe probe laser combined with a

second photodiode, PD2 (Hamamatsu S5973 with 1.5GHz bandwidth), is included to

determine the timing of the MEMS mirror midpoint crossing. PD2 is placed central

in the scan line created by a reflection of the probe HeNe laser beam on the moving
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micromirror. To achieve a best possible midpoint position, the pulse delay between

successive pulses on PD2 is measured on the Agilent DSO6034A oscilloscope and the

photodiode position adapted until all successive pulse delays have equal values.

An example of a temporal measurement of the laser output using both photodiodes

is shown in Fig. 4.29. The cavity configuration in this case consisted of a 20% OC with

the MEMS driven at a frequency of 15.87kHz and an average laser output power of

25mW. The optical pump power for this case is ≈ 100W. The Q-switch laser output

has a pulse repetition frequency (PRF) of 15.87kHz with pulse durations of about

50ns, leading to pulse energies of 1.6µJ and a pulse peak power of 32W. The top

trace in the figure shows the electrical driving signal of the mirror. The bottom trace

is the measurement output of PD1, showing the pulse train with a PRF of 15.870kHz.

This is equal to double the mechanical movement frequency, as a pulse occurs on every

passing through the mirror midpoint position with two passes per movement cycle. The

individual output pulse has ideally a fast rise time and slower fall time (see lower inset

of Fig. 4.29). With the rise time depending mainly on the initial population inversion

and the fall time mostly on the empty cavity decay rate [178], shorter pulse durations

for a specific cavity are expected to be generated with a pulse shape with even shorter

rise times and longer fall times than shown. The middle trace originates from PD2 and

shows the midpoint crossing of the MEMS mirror. Each midpoint crossing is close to

the emission of a pulse, with the pulse depicted in the lower inset of Fig. 4.29 showing

a time delay to the midpoint crossing. This leads to a pulse emission after the mirror

has passed through the lowest loss alignment of the laser. The data analysis of the

measurements related to the midpoint determination is done in the subsequent sections

using Matlab. This is required as the PD2 signal representing the midpoint position is

based on the physical position of the photodiode in the setup, which has an error margin

translating to up to multiple tens of nanoseconds offset of the pulse delay time. The

post-processing consisted of a determination of the peaks of the midpoint photodiode

signal with an accuracy of 2ns and a shift of the assumed midpoint positions to create
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Figure 4.29: Example pulse trains for 25mW average output power of R = 80% OC
cavity with 15.87kHz actuation, top pulsetrain is the driving voltage, mid-
dle pulsetrain is the mirror midpoint position and bottom pulsetrain is the
laser output.

a homogeneous time delay between each successive midpoint position. These adapted

midpoint times were then used to evaluate the time delay between each laser pulse and

respective mirror midpoint crossing.

Temporal output characteristics

The temporal output characteristics of the 2-mirror laser cavity were determined for

three different OC mirrors with nominal reflectivities at 1064nm of 60%, 70% and

80%. The experimentally measured reflectivities of these three mirrors are 59%, 71%

and 83%. The cavity was aligned for each OC mirror configuration in order to gain

an equal spaced output pulsetrain, with equal pulse delays for pulses originating from

both movement directions of the mirror. During Q-switch actuation a measurement

of the pulsetrain was taken just above the respective lasing threshold (with average

output power < 1mW) and at an average output power of 25mW. The Q-switched

laser output pulse shapes and pulse delays td in respect to the MEMS mirror midpoint

crossing are shown in Fig. 4.30 for the actuation frequency of 15.87kHz of the micromir-
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(a) (b)

Figure 4.30: Pulseshapes of Q-switch output with 15.87kHz MEMS actuation for vary-
ing OC reflectivities at (a) threshold and (b) 25mW average output power.

ror. The pulse delays were determined as previously discussed with using PD2 while

the amplitudes of the pulse intensities were normalised in order to create an easier

comparison between all cavity configurations. Fig. 4.30(a) shows typical pulses for an

output power around lasing threshold while Fig. 4.30(b) shows typical pulses for 25mW

average output power. In both cases the pulses originate from the micromirror move-

ment direction leading to the highest pulse delay in the measurement. In both cases of

Fig. 4.30 a shortest maximum pulse delay is visible for the cavity using the OC with

80% reflectivity.

For the Q-switch output created with a MEMS actuation of 15.90kHz, and therefore

lower MEMS movement angle, the resulting pulse shapes and pulse delay times are

shown in Fig. 4.31. Fig. 4.31(a) shows again the typical pulse outputs with an average

output power around lasing threshold while Fig. 4.31(b) shows the outputs at an average

output power of 25mW. Similarly to the actuation with 15.87kHz a lowest pulse delay

can be seen for the cavity using the OC with 80% reflectivity. Using the lower MEMS

movement angle for generating the Q-switch output leads to a higher pulse delay with

longer pulse durations compared to the outputs in Fig. 4.30.

A summary of the the pulse delay time measurements for all actuation cases is shown

in Fig. 4.32. In all cases a split between the pulse delays of the two movement directions

through the cavity alignment of each configuration is visible. The subscripts ”max”
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Figure 4.31: Pulseshapes of Q-switch actuation with 15.90kHz MEMS actuation for
varying OC reflectivities at (a) threshold and (b) 25mW average output
power.

show the pulse delays of the mirror movement direction corresponding to the longer

delay, occurring for every second pulse in the measured pulse train as every second

pulse coincides with the same movement direction of the MEMS mirror. The subscripts

”min” represent accordingly the pulse delays of the second mirror movement direction

corresponding with a shorter delay. The error bars in Fig. 4.32 correspond to the sample

standard deviation of two measured pulses for each configuration. The origin of the

different pulse delay times of the two mirror movement directions could be caused by

an unbalanced cavity alignment, where the cavity axis is lateral shifted in respect to the

gain medium axis. This would lead to different feedback times and therefore different

delays. The pulse delay times for the 15.87kHz actuation have in general lower values

than the corresponding delay times for the 15.90kHz actuation, showing a dependency

of the delay times on the mirror movement speed.

The pulse delays for the 15.87kHz actuation are between 67ns and 32ns for R = 60%,

58ns and 31ns for R = 70% and 47ns and 24ns for R = 80%. The positive pulse delay

shows a non-optimum pump condition as the pulse build-up time is longer than the

time required for the mirror to move through its midpoint position. An increase in

pump power Pp with respect to the laser threshold power Pth should lead to a higher

initial inversion density in the gain medium and, as shown in simulations in section

4.3.1, also to a reduction of the pulse delay time. The increase of pump power is
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Figure 4.32: Summary of the measured pulse delays for all 2-mirror Q-switch actuation
configurations with (a) MEMS mirror actuation with 15.87kHz and (b)
MEMS mirror actuation with 15.90kHz.

nevertheless limited by the mirror coatings power handling capabilities. As a result no

optimum pulse timing or even negative pulse delays were achieved. If negative pulse

delays would occur these could be balanced by reducing the mirror movement speed to

achieve optimum pulse timing. The reduced mirror speed would in this case increase

the pulse delay time again without changes to the pump power. The trend in the

measured pulse delay times showing a slight decrease with increasing OC reflectivity

was expected to have the opposite direction, as a higher pump power is necessary to

reach the laser threshold and output at 25mW for lower OC reflectivities. Reasons for

this deviating measured trend can lie in the necessary cavity realignment after changing

the OC, with a high sensitivity of the cavity to small misalignments. Further future

investigations are still necessary with higher quality mirror coatings, also in respect to

results obtained from a 3-mirror cavity which show the expected pulse delay behaviour

and are presented later in this chapter.

A summary of the pulse duration evaluation for all discussed actuation cases is shown

in Fig. 4.33. For both the 15.87kHz and 15.90kHz actuation the pulse durations of the

pulses emitted closer to the MEMS mirror midpoint position (denoted with ”min”) are

by up to 10ns shorter than the pulse durations from the opposite movement direction.

The 15.87kHz actuation shows in this case in general lower pulse durations, between
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Figure 4.33: Summary of the measured pulse durations for all 2-mirror Q-switch actu-
ation configurations with (a) MEMS mirror actuation with 15.87kHz and
(b) MEMS mirror actuation with 15.90kHz.

25ns to 45ns, than the actuation with 15.90kHz, which shows pulse durations between

40ns and 50ns. The error bars denote again the sample standard deviation mentioned

in the paragraphs above. The variation in pulse durations shows a slight trend towards

lower pulse durations for higher OC reflectivities for the 15.87kHz actuation and no

conclusive trend for the 15.90kHz actuation. This is similar to the behaviour shown

for the pulse delays, where an increase in the time values would be expected for higher

OC reflectivities. Possible reasons for this deviation of the experimental trend from

the expected behaviour are the same as already mentioned for the pulse delays, with

loss variations between the cavities having different OCs having an influence due to the

cavities sensitivity to alignment. Also changes to the mirror surface and coatings are

more likely in this 2-mirror configuration as residual pump light of the gain medium close

to the MEMS might create additional heating and changes on the mirrors depending on

the pump power. Again further investigations are desirable with mirrors with increased

coating quality.

The theoretical minimum pulse duration at threshold with different OC values can

be estimated using [179]:

τmin ≈ 8.1 ⋅ τr

ln(G′) (4.23)
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τr is the cavity round-trip time and G′ the gain within the cavity. The minimum gain

needed for laser actuation can be estimated using the reflectivities of the 2 mirrors as

G′ = 1 + (1 − Roc ⋅ Rmems), ignoring additional losses in the resonator. For the cavity

configurations with R = 60%, 70% and 80% this leads to cavity limited pulse durations

of 27ns, 34ns and 47ns, which is in the range of the measured minimum values. This

estimation also shows the expected behaviour of increased cavity limited pulse durations

with increased reflectivity of the OC, leading again to a possible reason of higher losses

in the experimentally obtained pulse behaviour for the R = 80% OC.

Spatial output characteristics

The spatial characteristics of the laser output were measured for all cavity configurations

during Q-switch actuation at a distance of 50mm from the OC using a WinCamD CCD

camera. From the temporal investigations discussed above, a spatial output consisting

of two beam spots is expected, as a non zero pulse delay time leads to a different mirror

position during pulse emission for the opposite mirror movement directions. The top

row images of Fig. 4.34 show four examples of the measured beamprofile, each from the

cavity using the 80% reflectivity OC but with different MEMS mirror driving conditions

and varying output power. In all four cases an output with two overlapping beam spots

can be seen. The vertical stripes seen for both 25mW outputs are smear from the CCD

readout. The determination of the midpoint position of each beam and subsequently the

midpoint beam separation d between both output beams was determined graphically.

The accuracy of this determination is limited by the overlap between both spots and by

the noise of the CCD camera measurement. Slight intensity fluctuations and minimal

beam steering of the output can also lead to the noise seen in the output profiles.

For the MEMS actuation with 15.87kHz a midpoint beam separation between 250µm

and 450µm was estimated at the measurement plane 50mm from the OC, with no

identifiable trend for varying OC reflectivities (see Fig. 4.34(a)). For the higher average

output power of 25mW a wider beam separation can be seen with in average 25µm
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Figure 4.34: Summary of the measured midpoint beam separation of two successive
pulses of the 2-mirror Q-switched output with (a) MEMS mirror actuation
with 15.87kHz and (b) MEMS mirror actuation with 15.90kHz.

wider separation. With a measurement accuracy in the range of 50µm this trend has

to be treated carefully though. For the MEMS actuation with 15.90kHz the midpoint

beam separations were estimated between 150µm and 300µm (see Fig. 4.34(b)). Again

due to the measurement accuracy already discussed for the other actuation case no

conclusive trend can be identified for varying OC reflectivities.

The trend of a wider spatial separation between the output spots for the 25mW

measurements fits to the temporal pulse observation of longer pulse delays for these

outputs compared to the measurements around laser threshold. The trend of an increase

in pulse delay combined with a reduction of the spatial output spot separation when

moving from the 15.87kHz actuation to the 15.90kHz actuation seems counter intuitive

but occurs due to the change in the MEMS mirror movement speed. As the mirror

moves slower an increase in the temporal delay of the pulses can still translate to a

smaller spatial midpoint separation, which is present here.
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Figure 4.35: (a) 3-mirror Q-switch cavity schematic using a gold coated MEMS mirror
and (b) image of the assembled cavity in the laboratory.

4.7 3-mirror cavity for double spot output evaluation

A 3-mirror cavity setup was investigated, in addition to the previously discussed 2-

mirror cavity, to create a higher spatial separation between the two observable laser

output spots while keeping a stable cavity. A more accurate measurement of the beam

separation and the pulse build-up behaviour is therefore possible. A 3-mirror cavity

is also used to evaluate the performance of a dielectric coated MEMS micromirror

whose coating originates from an intermediate step in a project designed to create HR

dielectric coatings with low stress for thin substrates. This coating and its influence

was already discussed previously in this chapter.

4.7.1 Cavity setup for gold coated mirror

The 3-mirror laser cavity for using the second gold coated MEMS micromirror as active

Q-switch is shown schematically in Fig. 4.35, including an image of the used physical

setup. This gold coated micromirror with ROC of 220mm and reflectivity of R = 96%

at the lasing wavelength of 1064nm is again used as cavity end-mirror. A HR dielectric

coated mirror (R > 99.5%) with a concave surface curvature with ROC of 250mm is

used as folding mirror at a distance of 130mm from the MEMS micromirror. The

Nd:YAG gain medium is placed in the intra-cavity arm between the flat OC (30mm

distance) and the folding mirror (180mm distance) with the properties of the gain

medium already described for the 2-mirror cavity setup. The cavity design was again

constructed using the software WinLase with the aim of achieving a high cavity stability
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Figure 4.36: (a) Simulated 3-mirror cavity stability for varying thermal lens focal length
and (b) laser beam radius evolution through the cavity with MEMS mirror
at the right hand side.

throughout the possible range of thermal lensing values of the gain medium during laser

operation. The resulting cavity stability diagram for varying thermal lens focal length

values can be seen in Fig. 4.36(a), with the relevant thermal focal length range between

1200mm (for a pump diode current of 12A) and 300mm (for a pump diode current at

22A) showing cavity stabilities of > 61%. The thermal lens values were again taken

from the gain module data sheet (see Appendix C). When comparing the cavity stability

with the diagram obtained for the previously used 2-mirror cavity a lower stability can

be seen, especially towards higher thermal lens focal length values. This shows that

the cavity is more susceptible to stability changes with cavity length or mirror focal

power changes. Nevertheless it is still possible to build a stable laser cavity over the

full usable range of the thermal lens focal length. The theoretical beam radius of the

supported basic Gaussian mode of the intra-cavity laser field can be seen in Fig. 4.36(b)
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for a thermal lens focal length value of 1200mm, which corresponds to an optical side-

pump power of 41W. The theoretical beam diameter on the micromirror is in this

case 235µm with a beam widening towards the OC to a diameter of 728µm. With

the smaller beam radius on the MEMS a possible alignment over a wider transversal

position of the micromirror can be achieved which allows an easier initial alignment.

4.7.2 Loss determination of cavity

The cavity losses are required as input to the simulation of the temporal output be-

haviour of the Q-switched laser using the rate equation model discussed previously. As

the MEMS Q-switch falls into the category of slow Q-switching, it is not enough to mea-

sure the losses at perfect alignment but it is also required to determine the dependency

of the cavity losses on the MEMS mirror rotation angle. To determine the round-

trip losses inside a laser cavity two approaches are generally used. The first approach,

widely referred to as the Findlay-Clay loss measurement due to the demonstration in

their 1966 paper [180], determines the intrinsic losses inside the cavity using the pump

power at laser threshold with varying OC reflectivities. The second approach was first

used by Caird et al. in their investigation of a chromium doped gallium fluoride garnet

laser [174], evaluating the cavity round-trip losses by measuring the slope efficiency ηs

of the cw laser output with varying OC reflectivities. The slope efficiency of a laser

is defined as the slope of the optical output power versus optical pump power graph.

The slope efficiency relates to the cavity losses per pass in its most basic form for cw

pumping with [174]

ηs =
λp

λo

⋅ O

O +L, (4.24)

where λp and λ0 are the pump and output laser wavelength, O describes the total

output coupling fraction and L is the cavity loss per pass. Further loss factors like a

nonunity pumping efficiency or excited state absorption have to be considered as well

and can be included as additional efficiency factors. These factors can be combined

with the quantum defect related factor λp/λo and lead to a limiting slope efficiency
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Figure 4.37: (a) Slope efficiency measurements and (b) loss calculation for the 3-mirror
cavity for perfect alignment and (c) slope efficiency measurement and (d)
loss calculation for a mirror tilt angle of 4.3mrad; measurements were
undertaken using an HR coated equivalent mirror.

for vanishing passive losses of η0. Inverting this resulting equation leads to a linear

relationship between the inverse slope efficiency η−1s and the inverse output coupling

fraction O−1 as

η−1s = η
−1
0 (1 +L ⋅O−1) . (4.25)

Plotting therefore the inverse slope efficiency versus the inverse output coupling fraction

and using a linear fit to this graph will allow the identification of the cavity losses L.

This second approach is used here, as the determination of the laser slope will occur

through multiple laser output power measurement points and therefore does not rely

only on a single threshold measurement point per OC configuration, which is the case

for the Findlay-Clay analysis. To obtain the slope efficiency values, a CW output power
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of up to several Watts is needed, hindering the use of the so far coated MEMS mirrors

due to their current power handling limits. Therefore an equivalent mirror with similar

ROC was used in the place of the MEMS for the loss measurement to experimentally

model the MEMS mirror. The mirror consisted of a commercially available 25.4mm

BK7 substrate with a concave curvature with ROC of 250mm and a HR dielectric

coating with a reflectivity > 99.5% at λ = 1064nm. The mirror was placed inside a

Newport U100-G gimbal mirror mount equipped with micrometre adjustment screws

with 127TPI (turns per inch). A full turn of one of the screws translates to a tilt of

5.73mrad of the mirror in respect to the cavity axis. The cavity alignment was set

to the centre of the HR mirror; therefore creating the similar movement possibility

for the equivalent mirror as the aligned MEMS mirror has. No additional aperture

was introduced in the cavity, with the limiting aperture therefore defined through the

diameter of the gain medium.

To determine the angular dependent cavity losses, slope efficiency measurements were

carried out for OC reflectivity values of 98.5%, 96.1%, 90%, 88.5% and 82.8%. For

each configuration the cavity was aligned for lowest midpoint threshold to measure the

slope efficiency for the perfect aligned state, followed by slope efficiency measurements

for 4 discrete angles of 1.43mrad (0.082○), 2.87mrad (0.164○), 4.30mrad (0.246○) and

5.01mrad (0.287○).

Fig. 4.37 shows exemplar measured laser power transfer curves and the resulting Caird

analysis graphs for a MEMS angle of (a) 0mrad, coinciding with a perfect midpoint

alignment, and (b) 4.3mrad. The power transfer curves show the expected behaviour of

lower slope efficiencies with the angled mirror configuration, as consequence of a higher

intra-cavity loss. It can also be seen that for the angled cavity configurations with

higher output coupling (R = 82.8% and R = 88.5%) a saturation effect of the laser slopes

is present at higher pump powers. This can be caused due to aperturing of the intra-

cavity field at the edges of the gain medium combined with a larger laser spot size on the

micromirror. Especially for the 82.8% configuration it is difficult to determine where the
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Figure 4.38: Angular dependent loss resulting from the individual Caird measurements
including a model fit using a cosine dependency.

non-apertured slope is present, which lead to an omission of this data point in the further

loss analysis. The inverse values of the fitted slope efficiencies for all configurations

are plotted versus the inverse output coupling fraction. In accordance with the Caird

analysis a linear fit is applied to the data points using the model equation (4.25), leading

to an intra-cavity loss of 3.3% for the 0mrad alignment and 4.8% for the 4.3mrad tilted

mirror alignment. The same procedure has been repeated for the measurements of the

further tilt angles, resulting in an overall dependency of the losses on the mirror tilt

angle shown in Fig. 4.38. To be able to use this angular loss dependency for the following

rate equation simulations, a fit to the measured data was employed using the cosine

dependency defined in equation (4.15). The parameters for the used fit are A = 42 and

an offset of γ∗0 = 0.033, which is the midpoint loss γ0 without taking the losses through

the cavity-end mirror into account. A cosine fit was adopted following the approaches

by [168,172]. The fit shows good agreement for the angular values up to 4.3mrad with

the loss of the 5mrad measurement being underestimated. It has to be noted, however,

that at the higher mirror angle aperturing of the intra-cavity laser field at the edges

of the gain medium can occur for higher output powers during the slope efficiency

measurements, leading to a reduced output power which therefore overestimates the
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losses that would occur for the Q-switched output. The fitted loss curve is therefore

still considered adequate as simulation input.

4.7.3 Temporal and spatial intra-cavity simulation

The simulation of the time-dependent pulsed laser output behaviour was constructed

in Matlab using the rate equation approach discussed in section 4.3.1. This simula-

tion approach was not followed for the previously discussed 2-mirror cavity laser as

no conclusive measurement of the angular dependent losses was possible. This loss

determination is required for the description of the mirror behaviour in the simulation,

which meant that only the presented 3-mirror cavity was simulated and the obtained

laser output results compared with the experimentally obtained values for this case.

The input parameters of the simulation are grouped into laser cavity dependent param-

eters and MEMS mirror dependent parameters. The necessary parameters from the

laser cavity are the round-trip length of the cavity lc = 906.8mm, the length of the gain

medium la = 63mm, the stimulated emission cross-section σ = 2.7 ⋅ 10−23m2 and the

pump power ratio for 25mW average output power Pp/Ppc = 1.15 for an OC reflectivity

of 50.6% and Pp/Ppc = 1.09 for OC reflectivity values of 59.0%, 70.6% and 82.7%. The

input parameters of the MEMS mirror are needed to generate the time-dependent op-

tical losses with the mirror movement frequency f , the maximum mechanical tilt angle

θm = 319.4mrad for f = 7915Hz and θm = 234.7mrad for f = 7925Hz and the mirror

reflectivity R = 96% which contributes towards the time-dependent loss function γ(t).
For the losses the parameters γ0 = 0.033 and A′ = 42 are used, determined from the

experimental values in the previous section.

To match the experimental behaviour discussed below, an additional factor k′ has to

be included for the calculation of the initial inversion density n0. This factor could be

caused by thermal effects on the coated MEMS mirror surface, as it is dependent on the

reflectivity of the OC, and therefore on the intra-cavity power incident on the MEMS. To

obtain simulated output pulses with pulse delay times coinciding with the measurements
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(a) (b)

Figure 4.39: Simulated photon density inside the cavity (a) for 15.83kHz actuation and
(b) for 15.85kHz actuation.

the factor takes the values 1.07, 1.16, 1.24 and 1.41 for 50.6%, 59.0%, 70.6% and 82.7%

OC reflectivity respectively when actuating the MEMS with a frequency of 15.83kHz.

For the second driving frequency of 15.85kHz, also used in the following experiments,

the k′ parameters needed to match the simulated laser output with the measurements

are 1.11, 1.14, 1.20 and 1.34, respectively for the OC reflectivities mentioned before.

The simulated intra-cavity photon density development over time is shown in Fig. 4.39.

The time origin is in both cases set to the micromirror midpoint pass through the cavity

alignment. With rising OC reflectivity a longer pulse build-up time can be seen with

a lower maximum photon density at the emission peak. The rising flank of the pulse

has also a reduced slope steepness with rising OC reflectivity. These two trends can be

explained due to the rise of losses inside the cavity for longer pulse delay times, origi-

nating from the mirror movement. Comparing the output for a mirror actuation with

15.83kHz and 15.85kHz, an increase of the delay time and at the same point a reduction

of the maximum photon density can be seen for the higher actuation frequency. In this

case, the reduction of the mirror scan angle for the higher actuation frequency leads to

a slower movement speed through the alignment resulting in longer pulse delays for the

output around lasing threshold.

A summary of the simulated pulse delay times td and pulse durations τ for varying

actuation frequency and OC reflectivities is shown in Fig. 4.40. The pulse delay time
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(a) (b)

Figure 4.40: Simulated pulsed laser output values of (a) pulse delay time td and (b)
pulse duration τ .

shows the already mentioned trend of increased delay times for rising OC reflectivity as

well as lower mirror movement speed. For an actuation with 15.83kHz pulse delays be-

tween 310ns and 620ns are simulated for 50.6% and 82.7% OC reflectivity respectively.

These are in good agreement with the experimental values, which will be presented and

discussed in the following section 4.7.4, due to the applied scaling factor. The pulse

durations also show an increase with rising OC reflectivity and reduced mirror speed,

which is again related to the increase in intra-cavity losses at the moment of laser emis-

sion. A comparison between these simulated values and the experimentally obtained

results is given at the end of the following section 4.7.4 with a detailed discussion on

the differences and their possible reasons.

4.7.4 Pulsed output at threshold and at 25 mW

The experimental measurement setup for determining the temporal and spatial Q-

switched laser output characteristics of the 3-mirror cavity (see Fig. 4.41) is similar

to the one used for the 2-mirror cavity described previously. Three photodiodes (PD1 -

PD3) are used to determine the temporal characteristics of the laser pulse-train, includ-

ing the pulse delay time in respect to the micromirror midpoint crossing. A scanning

slit optical beam profiler (BP) is used to determine the spatial output at a distance of

50mm from the OC.
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PD1
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BP / SH

PD2
PD3

3-mirror cavity

HeNe

M

Figure 4.41: Measurement schematic for the 3-mirror temporal and spatial output be-
haviour, PD1-3: photodiodes, L: lens with f ′ = 200mm focal length, BP:
beam profiler, SH: Shack-Hartman wavefront sensor, M: HR mirror for
switching between temporal and spatial measurements.

As a pulse delay between the mirror midpoint position and the emitted Q-switch pulse

will translate to a wider spatial separation in the 3-mirror cavity than observed for the 2-

mirror cavity, the spatial Q-switched laser output will show no overlap between the two

output spots and therefore allows the determination of the deviation from parallelism

of the two beams. This measurement is experimentally done using a Thorlabs WFS150-

5C Shack-Hartmann wavefront sensor at the position of the BP. For alignment of the

wavefront sensor no special procedures are required as only the opening angle between

both laser output spots is of interest and not their individual angle in respect to the

cavity axis. The wavefront sensor measures the distortion of the incoming optical wave

in respect to an ideal plane wave by using a microlens array which divides the incoming

beam and focuses each part on a sensor placed at the focal point of the microlens array.

A distorted waveform will relate to a displacement of each individual lenslet focal point,

which is used to calculate the waveform aberrations. These aberrations are quantified

using Zernike polynomials in which two of the coefficients correspond to the tilt in

x- and y-direction [181]. The experimental measurement results and corresponding

calculation to gain the opening angle between the two output beams will be shown

during the spatial output discussion.

To evaluate the intra- and extra-cavity independence of the two output spots (which
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are also present in the 2-mirror cavity and whose presence in the here discussed cavity

will be shown at the spatial behaviour below) a knife-edge (KE) was transversally

moved through the intra- and extra-cavity laser field, with the resulting behaviour also

presented in the spatial output characteristic discussion. An example pulse-train for

the 3-mirror cavity is similar to the already shown pulse-train for the discussed 2-mirror

cavity (see Fig. 4.29). One difference is the pulse delay as a potentially higher pulse

delay is possible for the 3-mirror cavity.

Temporal output characteristics

The temporal output characteristics of the 3-mirror laser cavity using the previously

described gold coated MEMS micromirror were determined using cavity configurations

with four different OC mirrors with reflectivities at 1064nm between 50% and 80%,

which were presented in more details in the 2-mirror section. The added nominal 50%

OC had a measured reflectivity of 51% and could be used in this case due to a lower

laser threshold occuring for the 3-mirror laser cavity. The cavity was aligned for the

lowest possible cw lasing threshold for each OC mirror before conducting the Q-switch

measurements. Measurements of the Q-switch actuated laser output behaviour were,

similar to before, taken at lasing threshold (average output power < 1mW) and at an

average output power of 25mW. The pulse shapes and delays for the laser output

with a MEMS micromirror actuation with 200V and an electrical offset square-wave

driving frequency of 15.83kHz, translating to a movement frequency of 7.915kHz and

a TOSA of 73.2○, are shown in Fig. 4.42. For all four OC configurations the laser

pulse build-up time is longer than the time interval needed by the moving mirror to

cross its midpoint position, which leads to a positive delay time td. With rising OC

transmission a lower delay time can be seen for both the threshold and 25mW case.

The rising OC transmission is related to a higher necessary pump power to reach the

threshold condition and therefore a higher initial inversion density which is the reason

for the reduced delay time. The pulse durations are visibly shorter for the lower OC
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(a) (b)

Figure 4.42: Pulse shapes for the 3-mirror cavity with Q-switched output of 15.83kHz
MEMS actuation for varying OC reflectivities for (a) threshold and (b)
25mW average output power.

(a) (b)

Figure 4.43: Pulse shapes for the 3-mirror cavity with Q-switched output of 15.85kHz
MEMS actuation for varying OC reflectivities for (a) threshold and (b)
25mW average output power.

reflectivity value of 50% compared to the 80% OC cavity results. The elongation of the

pulse can be mainly attributed to a longer pulse rise time originating from the lower

initial inversion density present for the cavity with higher OC reflectivity.

For the pulse output originating from a MEMS actuation with a driving frequency

of 15.85kHz, leading to a TOSA of 53.8○, a similar behaviour can be seen in Fig. 4.43.

The threshold and 25mW graphs show again a close agreement. The pulse delay times

and the increase of the pulse delay time with rising OC reflectivity are higher when

comparing the pulses with the output from the 15.83kHz actuation.

The summary of the measured pulse delay times for all investigated OC configurations
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(a) (b)

Figure 4.44: Summary of the measured pulse delays for all 3-mirror Q-switch actuation
configurations using gold coated mirrors with (a) MEMS mirror actuation
with 15.83kHz and (b) MEMS mirror actuation with 15.85kHz.

is shown in Fig. 4.44. The subscripts ”min” and ”max” are again used for distinguishing

the pulses originating from the two movement directions, with small offsets possible due

to alignment tolerances. For the actuation with f = 15.83kHz the already mentioned

increase of td with increasing OC reflectivity can be seen with delay times between

260ns for the 50% OC cavity and 650ns for the 80% OC cavity. The actuation with

15.85kHz shows a similar trend with longer pulse delay times compared to the lower

frequency actuation and up to 100ns longer delay times for the output with 25mW

average power compared to the threshold condition. The pulse delays are between

450ns for the 50% OC configuration and 1µs for the 80% OC configuration in this

case. The slower movement through the midpoint position for the higher frequency

actuation leads to an increase of the delay time by almost a factor 2. The trend of

lower pulse delays for lower OC reflectivities is following the expected behaviour due to

an increase in the necessary inversion density for lower OC reflectivities. This increase

is required to reach the laser threshold due to the added cavity losses by the higher

outcoupling. The behaviour also matches the simulation results shown earlier.

The measured pulse durations for the discussed laser pulse outputs are shown in

Fig. 4.45. The trend for both MEMS actuation frequencies shows a higher pulse dura-

tion τ for higher OC reflectivity values and matches the trend seen in the pulse delay
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(a) (b)

Figure 4.45: Summary of the measured pulse durations for all 3-mirror Q-switch actu-
ation configurations using gold coatings with (a) MEMS mirror actuation
with 15.83kHz and (b) MEMS mirror actuation with 15.85kHz.

measurements. Higher pulse delays lead to a further deviation from the optimum pulse

timing and higher cavity losses at the time of pulse emission. A high offset between

the pulse durations of the two scanner movement directions of up to 90ns can be seen,

especially when using an OC reflectivity of 80%. The reason for this can be associated

with the higher pulse delay time where the propagating field of the pulse within the

laser cavity gets laterally shifted towards the physical boundary of the laser rod. A

potential lateral shift of the inital alignment in respect to the cavity axis will then

lead to a different proximity of the intra-cavity fields to the laser rod edges which can

lead to a different effective loss and pulse duration between the pulses emitted from

the two micromirror movement directions. The measured pulse durations for 15.83kHz

actuation are between 120ns for the 50% OC cavity and 300ns for the 80% OC cavity.

For the actuation with 15.85kHz the related longer pulse durations are measured to be

between 220ns for the 50% OC and 470ns for the 80% OC. The trend of lower pulse

durations with lower OC reflectivities is again expected due to the same reasons already

mentioned for the pulse delays, with higher necessary initial inversion densities leading

to lower pulse durations. At the end of this section the experimentally determined pulse

duration values are compared with the simulation results and also set into context with

the theoretical minimum obtainable pulse durations of the cavity.
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Spatial output characteristics

The spatial output profile of the Q-switched 3-mirror laser cavity configurations is

measured using a Thorlabs BP-104IR beam profiler at a distance of 50mm from the

OC. The dual-spot output present for the 2-mirror Q-switch laser outputs is again

visible with a wider midpoint separation between the two spots, leading to a profile in

which no overlap exists between them. The top row of Fig. 4.46 shows typical spatial

output profiles for the cavities using the lowest OC reflectivity of 50%, which has the

shortest pulse delay for the measured 3-mirror cavities. For each threshold and 25mW

output condition the two spots can be distinguished. For the MEMS mirror actuation

with 15.83kHz the dependency of the midpoint beam separation d between both output

spots on the OC reflectivity is shown in Fig. 4.46(a). The trend follows the pulse delay

behaviour discussed in the previous section with a minimum d of 900µm achieved for

the 25mW output with an OC of 50% and a maximum measured d of 1.52mm for

the 25mW output of the 80% OC cavity. When looking at the mirror actuation with

15.85kHz a similar minimum beam separation distance can be seen for the 50% OC

cavity with a separation value of 860µm. The slope of the growing beam separation

with increase of the OC reflectivity is nevertheless lower than the one at an actuation

of 15.83kHz and leads to a maximum d of 1.3mm for the used cavity configurations.

The reason behind this is the pulse delay behaviour, which also shows a lower slope

for the slower mirror movement speed at the actuation frequency of 15.85kHz and to

which the spatial output behaviour is coupled.

To confirm the allocation of the spatial and temporal outputs, as well as to investigate

the intra-cavity independence, a KE was mounted on a micrometre stage and was

moved horizontally through the extra- and intra-cavity laser field. By moving the KE

through the extra-cavity laser field at a distance of 20mm from the OC, each of the

output spots could be blocked individually, which matched with a disappearance of the

corresponding laser output pulses of one of the mirror movement directions. By moving

the KE through the intra-cavity field, a simultaneous annihilation of both output spots
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Figure 4.46: Summary of the measured midpoint beam separation of two successive
pulses of the 3-mirror cavity using the gold coated micromirror for Q-
switched output with (a) MEMS mirror actuation with 15.83kHz and (b)
MEMS mirror actuation with 15.85kHz.

is observed. The reason for this is the needed intra-cavity round trips for building up

of the laser pulse from spontaneous emission. These are delayed by the introduced

KE which changes the cavity loss during the pulse build-up, up to the point where the

time for which the moving mirror provides feedback through the cavity is too small to

support the output of a laser pulse. As this time interval for pulse build-up is required

for pulses originating from both micromirror movement directions both of the outputs

vanish simultaneously when moving the KE through the intra-cavity alignment path.

With the Q-switched laser output spots being spatially separated a determination

of the parallelism of the two output beams is possible by using the previously men-

tioned Thorlabs WFS150-5C Shack-Hartmann wavefront sensor. The measurement

uses Zernike coefficient to describe the waveform deviation from an ideal plane wave-

front. The first six Zernike coefficients, as defined for the wavefront sensor, are shown

in Fig. 4.47 with the corresponding example wavefront distortion and a normalisation
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Mode No.
Wavefront

shape Name
Normalisation

factor k*

1 Piston 1

2 Tip (y-axis) 2

3 Tilt (x-axis) 2

4 Astigmatism (+-45°) √6

5 Defocus √3

6 Astigmatism (0°/90°) √6

x

y

z

normalised pupil radius
on detector

tilted incoming wavefront
(around y-axis)incident angle q

wavefront elevation wx

(a) (b)

Figure 4.47: (a) List of the first six Zernike coefficients with the corresponding wavefront
shape (from [182]), description and normalisation factor and (b) measure-
ment schematic on the wavefront sensor for a tilt around y.

factor k∗, which is used in the measurement software to generate an orthonormal func-

tion set of the Zernike polynomials [181]. To obtain the individual waveform distortions

of both laser output spots a pupil with diameter D is defined in the wavefront sensor

measurement program which only encloses one of the output spots. From the measure-

ment values the Zernike coefficient number 3, cn,x, is used to determine the tilt angle

of the individual beam in the x-axis as both output beams are offset only in this axis.

To calculate the tilt angle θ from the given Zernike coefficient one can use trigonomet-

ric relationships according to the schematic on the right hand side of Fig. 4.47. A tilt

around y gives a wavefront elevation of wx = k
∗ ⋅cn,x ⋅1 = 2 ⋅cn,x on the sensor pupil. The

factor 1 originates from the use of the normalised pupil radius as base for the elevation

calculation. The incident angle θ can then be calculated using the pupil diameter D′

defined for the measurement with:

θ = arctan(4 ⋅ cn,x
D′

) (4.26)

The wavefronts were measured for both output spots individually at a distance of

50mm from the OC with an average output power of 500µW to avoid saturation of the

sensor. The relevant measured Zernike coefficient and the resulting divergence angle αrel

between the two output spots are shown in Table 4.2. The individual angles of each of

the output beams are given in respect to the orientation of the wavefront sensor, which
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Table 4.2: Measured Zernike coefficients cn,x for x-axis tilt and resulting
relative angles θrel between the output spots of the used 3-mirror
cavities with 15.83kHz actuation.

OC Position cn,x[µm] D’ [mm] θ [mrad] θrel [mrad] θcalc [mrad]

50%
right 0.695 1.112 2.5

3.3 5.6
left -0.224 1.112 -0.8

60%
right -0.579 1.312 -1.8

4.0 6.4
left -1.914 1.312 -5.8

70%
right -1.319 1.312 -4.0

5.3 5.8
left -3.066 1.312 -9.3

80%
right -3.481 1.312 -10.6

1 6.0
left -3.791 1.312 -11.6

was aligned in the measurement system without special measures to generate a perfectly

orthogonal orientation in respect to the cavity axis. As only the relative angle between

the two output beams is of interest this was deemed to be an acceptable step. For all

four cavity configurations no parallelism of the output beams was found, with all of

them showing a convergence of the two beams at the measurement plane, with a relative

opening angle between 1mrad and 5.3mrad. This behaviour was also modelled using

the pulse delay time measurements obtained previously, in combination with the cavity

geometry and thermal lens values for each laser driving condition of the selected OCs.

This modelling was conducted using the ABCD matrix model discussed in section 4.3.2

by calculating the MEMS tilt angle corresponding to the respective pulse delay time

and using this as input for the ABCD calculation. A converging behaviour between

both beams was estimated at the measurement plane, with relative angles αcalc between

both beams of 5.6mrad, 6.4mrad, 5.8mrad and 6.0mrad for the laser configurations

using a 50%, 60%, 70% and 80% OC respectively. The fluctuation of the convergence

angle originates from the combination of lower pulse delays for a cavity configuration

with higher thermal lens focal power due to higher required pump power to reach the

laser threshold. The measured relative angle between both beams is in the range of the

calculated values, but still shows a deviation especially in the case of the 80% reflective
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OC. This deviation can originate for example from an offset of the beam position on the

MEMS mirror, leading to an offset in the inital beam angle due to the concave surface

curvature of the MEMS. The offset in the beam position on the MEMS can take place

due to minimal horizontal misalignments of the mirror during cavity alignment or the

resonance movement of the MEMS.

When comparing the simulated and experimental values for the laser output pulse

duration, it can be seen that the simulation is underestimating the experimental pulse

duration. While having the same trend, the experimental pulse durations are longer by

about a factor of 2, with the simulated pulse duration at the 50.6% OC reflectivity of

about 70ns and an experimental pulse duration of about 150ns. Similarly for an OC

reflectivity of 82.7% at the actuation frequency of 15.85kHz a simulated pulse duration

of 240ns is underestimating the measured pulse duration of about 450ns.

This underestimation of the pulse duration in the simulation results can have its

origin in the curvature of the MEMS mirror and the transverse distribution of the

intra-cavity laser beam on the MEMS. As the mirror surface shows a concave curvature

the normal vectors of the surface have an angular variation around the normal vector

of the midpoint of the mirror. This combined with the intra-cavity laser spot size of

234µm, which translates to a fill factor of 11% of the micromirror, shows a possibility of

an aligned cavity at mirror angles before and after the midpoint, which is also helped

by the folding mirror of the cavity creating a wider acceptance angle for the mirror

alignment than present in the 2-mirror cavity. This possibility of a transverse shift of

the laser alignment around the mirror midpoint position could lead to an elongation

of the pulse duration of the measured laser output, which can not be considered in

the simulation. The reason for this is the chosen rate equation approach which does

not consider a spatial varying profile along the transverse axis of the laser cavity and

therefore can not account for the possibility of a movement of the laser alignment spot

along the mirror. To include this possibility within a simulation of the Q-switched laser

cavity a full field approach would be required, which is outside the scope of the work
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presented here.

Comparing the measured pulse durations to the theoretical minimum obtainable Q-

switch pulse durations according to equation (4.23) shows longer pulse durations in

the experimentally observed case. The minimum theoretical pulse durations for the

presented 3-mirror resonator with a cavity round-trip time of τr = 3.0ns are 58ns, 69ns,

86ns and 116ns for the cavity configurations using OC reflectivities of 50%, 60%, 70%

and 80% respectively. This shows that the achievable pulse duration is for this cavity

setup not limited by the cavity but by the scanning mirror. Reasons for this can be seen

in the increased acceptance angle for alignments, compared to the previouly discussed

2-mirror cavity, due to the folding mirror and also due to the previously menioned

possibility of alignments on varying positions of the curved micromirror surface.

4.7.5 Cavity setup for dielectric coated mirror

The dielectric coatings used for this investigation only form an intermediate step in the

development of low stress HR coatings for thin substrates. The reflectivity of R = 97%

and a convex surface curvature with ROC of −0.77m of the test device are therefore

not an ideal case for the application as cavity end-mirrors yet, but their behaviour

was nevertheless investigated to gain preliminary insights. The micromirror on which

the dielectric coatings were tested has the same driving principle as the previously

discussed devices with a similar layout, which was also used for the investigations in

chapter 3. A layout overview can be seen in Fig. 4.48(a) with the main difference to

the previously used design being a wider torsion beam (18µm instead of 12µm) and

the inclusion of a frame structure around the mirror surface. The device layer had the

same thickness of 25µm as the gold coated mirrors. The frequency response of the

uncoated and dielectric coated micromirror is shown in Fig. 4.48(b) with an actuation

and mechanical movement frequency of 10.418kHz and a resulting TOSA of 13.3○ after

coating.
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Figure 4.48: (a) Layout schematic of 700µm diameter dielectric coated micromirror and
(b) frequency response curves of the mirror before and after coating.

The convex surface curvature of the MEMS micromirror after coating hinders the

build-up of a stable 2-mirror cavity that maintains its stability over the full range

of possible thermal lens focal length values. Due to this, a longer 3-mirror cavity was

chosen for the Q-switch investigations using a dielectric coated mirror. The constructed

cavity is schematically shown in Fig. 4.49 using a HR folding mirror with a concave

surface with ROC of 250mm. The MEMS is again placed as cavity-end mirror in

the cavity arm not containing the Nd:YAG gain medium, with a tilt angle of about

20○ between the two cavity arms. The flat OC used had a nominal reflectivity of

R = 80% placed at a distance of 30mm from the gain medium. The simulated cavity

stability using WinLase is > 0.92 over the full range of possible thermal lens focal length

values of the pumped gain medium. The resulting intra-cavity beam diameter on the

micromirror varies between 250µm for f ′th = 1200mm and 300µm for f ′th = 300mm and

does therefore fit comfortably on the 700µm diameter mirror surface, but requiring

exact lateral alignment to centre the mirror midpoint to the cavity axis.

4.7.6 Pulsed output at average output power of up to 500 mW

The experimental measurement setup for determining the temporal and spatial output

behaviour of the Q-switched laser using the dielectric coated MEMS mirror is identical
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R =80%

diode side-pumped
Nd:YAG

MEMS

ROC =-0.77 m

f =10.418 kHz

R =97%
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ROC =0.25 m

160mm

Figure 4.49: 3-mirror laser cavity setup used for Q-switching with dielectric coated
MEMS mirror and 20% output coupler.

to the previously discussed 3-mirror cavity and shown in Fig. 4.35. Here the spatial

output distribution was only measured using the scanning slit beam profiler (BP). The

overall cavity length is 453mm with this time a single chosen OC reflectivity of 80%

and the MEMS mirror acting again as second cavity end-mirror.

The laser cavity was aligned during pulsed operation to create an equal pulse duration

for pulses emitted at both movement directions of the MEMS mirror and simultaneously

a homogeneous pulse timing between subsequent pulses. This is necessary as small

misalignments of the MEMS midpoint orientation in respect to the cavity axis will lead

to an imbalanced pulse timing. Also small misalignments of the lasing axis in respect

to the middle axis of the gain medium can lead to different pulse durations and pulse

delays for pulses originating from the different movement directions of the mirror. A

maximum average output power of 500mW was achieved for Q-switch operation. For

higher average output powers an imbalance in the intensity of the two output spots was

visible as well as a change of the ROC of the MEMS, monitored by the HeNe beam used

for the midpoint determination. This change occurred due to the absorbed intra-cavity

power at the MEMS.

The laser output pulse train at an average output power of 500mW and a repre-

sentative single pulse are shown in Fig. 4.50. A homogeneous pulse train with PRF

of 20.9kHz can be seen with FWHM pulse durations of about 200ns. This leads to

a pulse energy of about 24µJ and a peak power of 120W. The increase of average

output power compared to the output with using gold coated micromirrors is due to
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FWHM = 200 ns

PRF = 20.9 kHz

Figure 4.50: Q-switch laser output pulse train and exemplar pulse, for 500mW average
output power.

the increased damage limit of the coating and leads to higher pulse energies despite

the present higher PRF. The peak power is lower than peak power values obtained for

gold coated outputs shown in chapter 5.6.2 due to the longer pulse durations of 200ns,

compared to minimum pulse durations of about 30ns achieved with gold coated mirrors

as Q-switch.

To show the dependency of the pulse duration τ and pulse delay time td on the aver-

age output power, and therefore on the initial inversion density before pulse emission,

measurements were taken at 100mW, 250mW and 500mW average output power. The

shape of the output pulses and their occurrence in respect to the micromirror midpoint

position is shown in Fig. 4.51(a). Comparing the pulses at 100mW and 500mW one

can see a longer pulse rise time for the lower power pulse, which is associated with

the higher losses present at the pulse build-up as a higher pulse delay time is present.

Fig. 4.51(b) and (c) show the measured pulse delay time and pulse duration for varying

output power respectively. In both cases the average values for the outputs originating

from the two movement directions of the MEMS are calculated separately, as a slight

imbalance could not be avoided through the alignment. The error bars represent the

sample standard deviation using 4 measured pulses. A decrease of the pulse delay time

can be seen, as expected, for increasing average output power, with a pulse delay time

of about 800ns to 870ns for 100mW average output power decreasing to a pulse delay
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(a)

(b)

(c)

Figure 4.51: Temporal output measurements using the dielectric coated mirror with
(a) pulse shapes, (b) pulse delay time evaluation and (c) pulse duration
evaluation for varying average laser output powers.

time of about 430ns to 410ns for the maximum measured average output power of

500mW. The pulse duration also decreases with increasing output power. At 100mW

average output power pulse durations between 300ns and 320ns are observed, which

decrease to values between 200ns and 230ns for pulsed output with 500mW average

output power. At the output power limit of 500mW no pulse emission at the mirror

midpoint crossing, and therefore at the lowest cavity losses, could be achieved. The

pulse duration could therefore still be further reduced when reaching the optimum pulse

timing point.

The non-optimum pulse timing can also be seen when looking at the spatial output

profile during Q-switch actuation. Fig. 4.52(a) shows the beam profile 50mm after the

OC for an average output power of 500mW with the two spots originating from the

two movement directions of the MEMS through the cavity alignment. The midpoint

distance of the spots with varying output power is shown in Fig. 4.52(b) where the

previously shown reduced pulse delay time for increased output power leads to a reduc-
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Figure 4.52: Spatial output characteristic using the dielectric coated MEMS with (a)
beam profile for 500mW average output power and (b) development of
midpoint spot separation with varying output power.

tion of the spot midpoint separation. The midpoint distance decreases from 865µm for

100mW output to 775µm for 500mW average output power.

4.8 Conclusions

In this chapter the use of MEMS scanning micromirrors as intra-cavity active Q-switch

element in a solid-state laser system was demonstrated and the performance using

different laser cavity configurations evaluated and discussed.

The micromirrors were introduced together with the influence of their necessary coat-

ings to increase the surface reflectivity, enabling an intra-cavity use of the silicon mirrors.

The laser output power limitations arising from these coatings were additionally dis-

cussed as both the gold coatings and the tested dielectric coating have reflectivities

below R = 97% at the lasing wavelength. This leads to an absorption of intra-cavity

optical power which can lead to thermal deformation of the mirror surface and even

thermal damage in the case of the gold coatings. To overcome these limitations fur-

ther improvements in dielectric coatings for the thin mirror structures are necessary as

dielectric coatings have the possibility to reach reflectivities above 99%.

For the use of gold coated micromirrors as active Q-switch two laser cavity config-

urations were investigated, a 2-mirror cavity with an overall cavity length of 123mm
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Table 4.3: Summary of measured and simulated Q-switch characteristics, 25mW aver-
age output power with maximum measured delay and faster mirror driving
(15.83kHz for 3-mirror and 15.87kHz for 2-mirror cavity).

R τ2−mirror td,2−mirror τ3−mirror td,3−mirror τsimulated td,simulated

50.6% - - 151ns 295ns 71ns 310ns

59.0% 43ns 67ns 199ns 416ns 86ns 420ns

70.6% 47ns 58ns 229ns 494ns 107ns 527ns

82.7% 37ns 47ns 298ns 649ns 135ns 619ns

and a 3-mirror cavity including a folding mirror and overall cavity length of 403mm.

In both cases the Q-switch outputs were evaluated just above threshold and at an av-

erage output power of 25mW in respect to the achievable pulse durations and pulse

delay times towards the scanning mirror midpoint crossing, using different OC reflec-

tivities. A summary of the achievable output pulse values is shown in Table 4.3. In all

investigated configurations a positive pulse delay is present, leading to a pulse emission

after the scanning mirror moved through its perfect alignment position and therefore

leading to the observed double spot spatial output due to the bidirectional movement

of the MEMS mirror. For the 2-mirror cavity pulse durations similar to the theoretical

minimum pulse durations due to the cavity parameters were obtained, with minimum

pulse durations around 40ns and pulse delays between 25ns and 75ns. The investi-

gated 3-mirror cavity does not lead to cavity limited pulse durations, with minimum

experimentally observed pulse durations around 150ns and minimum pulse delay times

around 300ns, while the theoretical minimum cavity limited pulse durations are around

60ns. Possible reasons for this deviation were identified as well as a possibility to move

towards optimum pulse timing by increasing the pump power and therefore the result-

ing initial population inversion density in the gain medium. This was not possible to be

implemented using the presented gold coated devices due to the imposed power limit

by the coatings thermal damage limits.

The use of a dielectric coated mirror showed an improvement of the output power,

which was nevertheless still limited due to a coating reflectivity of 97%. The micromir-
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ror had in this case a lower angular movement speed through the alignment compared

to the mirrors with gold coatings, which lead to longer pulse durations of about 200ns

for the maximum investigated output power and showed the influence of the mirror

speed on the Q-switch behaviour.

To model the laser behaviour a simulation approach using the rate equations of the

laser actuation was shown in this chapter. This approach is based on previously re-

ported models for slow Q-switching [170] but also considers the bidirectional movement

with varying instantaneous velocity of the scanning micromirror present as Q-switch

in this work. This novel simulation part requires the determination of a scan angle

dependent loss introduced by the micromirror, which was only possible to be measured

for the 3-mirror gold cavity with a high enough accuracy to be used as simulation in-

put. The simulation approach showed in this case a good agreement with the measured

pulse delays. The introduction of a scaling factor for the initial inversion density was

required which has its possible origins in a heat induced change of the coating and the

possibility of a transversal movement of the used laser beam spot on the micromirror.

The pulse durations were underestimated in the simulation with the possible reasons

already mentioned and also relating to a possible beam wander on the micromirror

during the aligned part of the scanning mirror movement cycle.

Overall stable Q-switch pulse outputs were reached for all shown laser cavities, with

a possible way forward through improvements to the used dielectric coatings. This can

lead to further power scaling of the outputs and therefore a possibility to reach optimum

pulse timing. If a point is reached where a negative pulse delay occurs, which means

pulses being emitted before the scanning mirror reaches its midpoint position, optimum

pulse timing can still be created by adjusting the mirror movement speed through a

change in the actuation frequency or actuation voltage. An additional possibility for

reaching a single spot output and optimum pulse timing could be the inclusion of

an intra-cavity pinhole which constraints the intra-cavity beam propagation but also

generates additional losses. In the following chapter 5 the advantage of the small feature
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size of the MEMS scanning micromirrors used as Q-switches is used to create multiple

individual controlled Q-switched laser outputs through a single gain medium by using

an array of micromirrors similar to the ones discussed in this chapter.



167

5 MEMS array laser

5.1 Introduction

To use the unique properties of MEMSmicromirrors for adding functionality to a MEMS

Q-switched solid-state laser, a micromirror array is used in this chapter to create mul-

tiple individually controllable Q-switched laser outputs through a single gain medium.

This could allow new concepts for applications in laser range finding, industrial applica-

tions, e.g. marking, or medical applications. Laser arrays produced from a single gain

medium have been shown previously for semiconductor lasers, where VCSEL (Vertical

Cavity Surface Emitting Laser) arrays have been realised with application prospects

for pumping solid-state lasers [183–185]. Commercially available array output powers

of up to 18W average power for an end-pumped Nd:YAG laser module are available

for this laser category [186] and cw VCSEL arrays with output powers of up to 100W

at λ = 975nm [187]. These arrays have nevertheless the inherent low beam quality of

VCSELs combined with no individual controllability of the array pixel. For lower power

VCSEL arrays, with mW cw output power, wavelength variation over the array out-

puts was demonstrated, with the individual wavelength depending on the varied layer

thickness of the VCSEL array pixel [188], or on the variation of high contrast gratings

used as top side output coupler of each array pixel [189]. Nevertheless no wavelength

controllability during operation was presented in both cases.

VECSEL (Vertical External Cavity Surface Emitting Laser) arrays have also been



5.2 Micromirror array design 168

reported using diamond microlens arrays [190,191]. VECSEL arrays show currently an

output power limit in the mW range due to ”thermal rollover” in the gain structure,

with both semiconductor array lasers not having the prospects of reaching laser pulse

energies in the ”mJ” range. By using a solid-state laser gain medium to create an array

laser output the potential for high output powers with average powers in the Watts

range combined with good beam qualities is possible. A multi-beam output through a

common solid-state laser medium has been used previously to generate variably spaced

pulses by combining multiple cavities [192]. This has been done using multiple electro-

optic modulators (EOM) and an intra-cavity prism to combine the multiple beams,

leading to a large footprint of the laser cavities and necessary individual driving equip-

ment for all EOMs. With the approach of using a MEMS array a greatly reduced laser

cavity footprint is possible, combined with tighter packaging due to the sub-millimetre

to millimetre size of the MEMS array mirrors and reduced driving equipment for the

Q-switch.

In section 5.2, the design of the micromirror array is presented followed by its charac-

terisation and the characteristics of a deposited surface gold coating in section 5.3. The

laser cavity used for creating a dual-beam output through the MEMS array is presented

in section 5.4 followed by the experimental characterisation of the laser output above

threshold in section 5.5 and at the highest so far demonstrated average output power

of 125mW in section 5.6.

5.2 Micromirror array design

The MEMS scanning micromirror array used as intra-cavity end mirror to achieve a

dual laser output consists of four electrostatic comb-drive actuated micromirrors similar

to the ones described in chapter 4 (see Fig. 5.1). Each mirror has a circular reflective

surface with a diameter of 700µm, a single-sided comb-drive with 10 interdigitated

comb-pairs and rectangular torsion beams acting as springs. The comb-pairs used as
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Figure 5.1: Layout and layer structure of the MEMS scanning mirror array used for the
dual output Q-switch. Mirrors M1 and M2 are used for the laser output.

actuators have a comb length of 160µm and width of 10µm for both the moving and

fixed combs, with a lateral gap of 6µm between them and an overlap length of 152µm.

The torsion beams for each mirror are designed with different width and length to create

a difference in the mechanical tilt resonance eigenfrequency of the mirrors in order to

avoid possible coupling between two neighbouring mirrors. This coupling could occur

due to a shared air cavity between the array mirrors. The length of the torsion beams

of both mirrors M1 and M2, used in the laser cavity, are 750µm, with mirrors M3

and M4 (which are the top right and top left mirrors in Fig. 5.1 respectively) having

a torsion beam length of 750µm and 675µm respectively. The width of each torsion

beam is from mirror M1 to M4: 12µm, 13µm, 11µm and 10µm. The mirrors and their

actuators are placed to have a midpoint separation of less than 900µm between two

neighbouring mirrors.

The commercially available SOIMUMPs multi-user process provided by the company

MEMSCAP, and previously described in chapter 3.2, is used as the fabrication process

for the micromirror array. A tilted SEM image of the fabricated chip is shown in Fig. 5.2.

The chip consists of a 400µm thick silicon substrate, a 1µm oxide layer for isolation

and a 25µm thick phosphor doped single crystal silicon device layer in which all the
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Figure 5.2: (a) SEM image of the fabricated micromirror array including (b) FEM sim-
ulations of the desired movement mode for both actuated array mirrors.

functional parts of the array are defined. The array mirrors are moving, when actuated,

in a common air cavity created by a full release using a backside etch step through the

substrate layer. The mirror surfaces have a concave curvature, similar to the previously

used scanning micromirrors, due to the intrinsic stress created by a non-homogeneous

doping profile in the device layer after the backside release. The resulting curvatures

and their behaviour after coating will be characterised in detail in the next section 5.3.

A modal FEM simulation was conducted for each of the mirrors in COMSOL Mul-

tiphysics, considering the first six mechanical resonant eigenfrequencies of each layout.

The material properties and orientations discussed in chapter 4.4 are again used for

these simulations. The 3D mesh for the simulation is constructed in this case using a

swept mesh with three layers through the thickness by considering four individual areas

of each mirror. These areas are the anchor pads, the torsion springs, the mirror surface

and the moving combs. The movement mode of interest is similar to before the tilt

resonance mode around the anchor connections, which is the second eigenmode with

simulated resonance frequencies of 8243Hz, 9049Hz, 7451Hz and 7043Hz for mirrors

M1, M2, M3 and M4 respectively. For the two mirrors M1 and M2 used in the experi-

mental laser work in this chapter, this leads to a resonance movement frequency offset

of 806Hz, which shows a wide enough separation to hinder any resonance coupling
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Figure 5.3: Frequency response curves of the two uncoated array mirrors used as basis
for the dual output Q-switched laser.

between both mirrors and also has the advantage of having a simple way of distinguish-

ing the laser output pulse trains originating from each mirror during the dual-output

Q-switching.

5.3 Mirror characteristics

5.3.1 Uncoated array

The fabricated mirror array was characterised prior to any applied coatings through its

resonance movement behaviour and surface curvature. A full characterisation is only

done for the marked mirrors M1 and M2 as these are used for creating two simulta-

neous laser output beams. To evaluate the tilt resonance movement behaviours of the

two mirrors M1 and M2 used for the laser operation, the measurement methodology

and setup described in section 4.4.1 is used. The total optical scan angle (TOSA) of

each mirror during its resonant actuation is measured using the reflection of a HeNe

probe laser beam on a screen. All mirrors are electrically actuated using a square-wave
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Figure 5.4: Measured surface curvature profiles of the uncoated array mirrors.

voltage driving signal with an excitation frequency of double the mechanical movement

frequencies of the mirror. This sub-harmonic driving has already been shown in chap-

ter 4 to generate higher TOSA responses compared to actuation with the fundamental

frequency. The actuation signal has a peak-to-peak voltage of 200V and is created

using an Agilent 33250A signal generator in combination with a x20 FLC A400 voltage

amplifier. A 10kΩ series resistor is connected between the amplifier output and the

PCB holding the MEMS chip with the array mirrors. In this way, the mirror actuators

are protected from any accidental shorting created between the moving and fixed combs

(see also section 2.4.2).

The frequency response curves using the described square-wave actuation signal for

the two mirrors M1 and M2 show a nonlinear spring softening behaviour with a jump

discontinuity below the resonance frequency peak (see Fig. 5.3). The graphs were in this

case taken using a frequency down-sweep. The maximum TOSA of mirror M1 is found

at a mechanical resonance frequency of 8323Hz with a value of 72○. For mirror M2 the

resonance peak is at 9158Hz with a TOSA of 60○. The higher resonance frequency is due

to the wider torsion beam, which is stiffer and therefore also lowers the TOSA. Despite

the nonlinear shape of the frequency response curve a Q-factor for both resonances can

be calculated using the definitions in [193], which leads to a Q-factor of 480 for M1

and of 500 for M2 when we assume a linear damping of the mirror movement. The
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Table 5.1: Micromirror properties of array mirrors M1 and M2.

Mirror Torsion beam length L / width w fsim fmeas ROC

M1 750µm/12µm 8243Hz 8323Hz 0.52m

M2 750µm/13µm 9049Hz 9158Hz 0.52m

measured resonance frequencies are higher than the simulated values by about 0.9%

for M1 and 1.2% for M2. This mismatch can occur due to the thickness uncertainty

originating from the fabrication process of the MEMS chips.

The surface curvatures of both mirrors were measured using the Veeco NT1100 optical

white light interferometer introduced in the previous chapters. The profiles of both

mirror surfaces are displayed in Fig. 5.4 where both profiles were placed close to each

other to show the co-directionality of the mirror surface normal vectors. The surfaces

of both mirrors have a radius of curvature of 0.52m after fabrication, originating from

the already mentioned intrinsic stresses in the silicon device layer. The positive sign

denotes hereby a concave surface shape. A summary of the uncoated mirror properties

is shown in Table 5.1

5.3.2 Gold coating

To increase the reflectivity R of the micromirror surfaces at the desired lasing wave-

length of λ = 1064nm, a gold coating was deposited using thermal evaporation. The

used coating for the arrays was already introduced in chapter 4.5.1 and was deposited by

a colleague at the Centre for Ultrasonic Engineering of the University of Strathclyde.

The coating deposited through a metal shadow mask (see Fig. 4.19) has a measured

thickness of 240nm, which was determined by using a contact stylus profiler on the mi-

croscopy slide used as sample holder during coating. The reflectivity R of the devices

was measured on this microscopy slide, leading to a value of R = 96% at the lasing

wavelength. For this measurement, a laser cavity using two bulk dielectric coated laser

mirrors was built-up, with its laser output directed on the coating surface. The incident
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Figure 5.5: Frequency response curve of gold coated array mirrors used for dual output
Q-switching; solid lines originate from the frequency down-sweep while dot-
ted lines originate from the frequency up-sweep, showing a slight hysteresis.

and reflected laser power was measured at an incident angle of smaller than 10○ on the

coating and the resulting reflectivity was calculated. A mask edging effect was visible

for the coating (see Fig. 4.20) which is introduced by the thickness of the metal mask

and the offset between mask and chip. This effect together with a manual positioning

of the mask leads to a non-homogeneous coating as seen in the figure.

The coating introduces an additional mass to the mirror structure and therefore shifts

the mirror resonance movement frequencies to lower values. This shift is predicted by

a modification of the previously mentioned FEM simulations by adding a gold layer

of 240nm thickness to the FEM layout. This gold layer has just been applied to the

mirror surface and not the torsion springs of the model; therefore only modelling the

influence of the added mass on the device resonance frequency. The second factor in-

fluencing the resonance frequency could be a change of the torsional stiffness due to an

added thickness of the torsion springs coated with gold, which is not considered in the

FEM. The predicted frequency shift for the mirrors used here is then −4.7% of the orig-

inal uncoated mirror resonance frequency. The tilt resonance peaks after coating were
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Figure 5.6: Surface curvatures of the coated array mirrors used for the laser output.

measured as 7916Hz for mirror M1 and 8748Hz for mirror M2 (see Fig. 5.5), showing

in good agreement with the FEM the predicted shift of −4.9% for M1 and −4.5% for

M2. This also shows that the added mass of the gold layer is the dominating factor

for the frequency shift. The measured frequency shift is about 410Hz for both mirrors,

with achieving similar TOSA values. For the mirror M1 the maximum TOSA is hereby

78○ after coating and for the mirror M2 it is 67○. In both cases the nonlinear spring

softening effect is visible in the frequency response curves, with a slight hysteresis of

below 0.05% of the resonance frequency. The built-up and decay times of the resonance

movement from a static mirror position were measured to be approximately 200ms to

reach the full angular movement. This gives the maximum build-up time for a stable

Q-switch operation.

The curvatures of the two array mirrors, resulting from the additional stress of the

gold coatings, are shown in Fig. 5.6. The ROC values for mirror M1 and mirror M2

differ hereby through the already mentioned non-homogeneity of the coating resulting

from the in-house shadow mask process. For mirror M1 a post coating ROC of 0.22m

is shown while mirror M2 has a post coating ROC of 0.35m. The parallelism of both

mirrors in their respective rest-position is not influenced, as can be seen by the profiles

in Fig. 5.6. Both ROCs will allow the build-up of a stable 2-mirror laser cavity around

the Nd:YAG gain medium used in this thesis.
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5.3.3 Heat influence on mirror behaviour

With the mirrors being used as intra-cavity elements of a Nd:YAG laser cavity, heat-

ing of the micromirrors will be introduced by absorption of intra-cavity optical power

through the non-perfectly reflective coatings. The optical power will be absorbed in the

gold coating and not the silicon mirror due to an absorption coefficient of 8.69 ⋅105 cm−1

for gold at a wavelength of 1064nm [194]. This will create heat which is transferred

to the silicon mirror. The coating and mirror temperature will rise until a balance be-

tween the incident optical power and the heat transfer from the micromirror is achieved.

The main heat transfer principle from the micromirrors is heat conduction through the

torsion beams, which leads to an increase in temperature in these. For dielectric coat-

ings the absorption would not take place in the coating layers but only in the silicon

mirror surface, which has an absorption coefficient of 9.7 cm−1 at the here present las-

ing wavelength of 1064nm. If a wavelength of 1550nm would be used by using the

MEMS Q-switch with a different laser gain medium like Er:Glass, this heating problem

would be avoided as the absorption coefficient would reduce to 9.2 ⋅ 10−2 cm−1 leading

to negligible absorption.

The influence of the temperature increase in the whole micromirror structure creates

multiple effects. First, it leads to a curvature change of the mirror surface due to a bi-

morph effect created between the metal and silicon as these layers have different thermal

expansion coefficient. An initial concave curvature of the mirrors of ROC = 0.22m or

ROC = 0.35m will be increased, leading to lower ROC values (e.g. ROC = 0.1m) due

to the increased temperature. Second, the thermal expansion combined with thermal

variant material properties also leads to a change in resonance frequency of the device,

which can be in the range of tens of Hertz for the scanning micromirrors discussed in

this chapter. With the thermal elongation of the torsion beams the resonance peak

frequency will hereby shift to lower values. A third effect created by the temperature

increase can be a buckling in the torsion beams due to the thermal expansion [195, Chap-

ter 8 - p.379], which can create unstable resonance movements with a parasitic in-plane
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component leading to pull-in failure of the comb-drive. A further effect of the temper-

ature increase of the micromirror can also be thermal damage to the coating when the

gold melting point is reached.

To avoid thermal induced changes, the laser output power is limited. In the case of the

dual-beam Q-switched output presented in this chapter a limit of 150mW average laser

output power was set. This limit resulted from on-line monitoring of the array mirror

resonance movement during laser operation. The monitoring was hereby conducted

using a low power (< 5mW) probe HeNe laser directed on the front mirror surfaces

and evaluation of the resulting scan line on a screen. The power limit was set when a

distinct reduction of the angular range of the mirrors could be observed.

To overcome the power limit a reduction of the absorbed optical power in the mir-

ror coating is required which can be achieved by dielectric coatings, as discussed in

chapter 4.5.2. As conventionally used dielectric coatings with high damage limit intro-

duce stresses on the thin mirror structures, leading to curvature changes that render

the mirrors non-usable in the here discussed laser cavities, a custom coating process

is required which can create low stress coatings with reflectivities above 99% and the

additional requirement of balanced thermal expansion coefficients to avoid curvature

changes under heating. An increase in reflectivity to a value of for example R = 99.5%

would lead to an average output power limit of 1.2W if a similar absorbed power limit

for the mirrors is assumed as for the gold coatings. Further power scaling of the output

power can be expected for this case as dielectric coatings also exhibit a higher dam-

age limit than gold coatings. Currently the requirements of high reflectivity combined

with low induced stress and negligible thermal induced stress are not met for the thin

substrates by commercially available standard coating technologies like electron-beam

or ion-beam sputtering. The research group of Talghader et al. [196, 197] has achieved

the requirements in the visible spectrum by using plasma enhanced chemical vapour

deposition (PECVD) coatings, which is expensive to run and not as useful for commer-

cial exploitation as sputter coating based approaches. The investigation in creating a
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Figure 5.7: (a) Micromirror array schematic with cross-section overlap of Nd:YAG laser
rod and (b) schematic of the used Nd:YAG gain module (see Appendix C).

scalable coating process of this type is ongoing work, with applications to reach further

power scaling potentials for MEMS active Q-switch laser outputs being part of the

future work.

5.4 Laser cavity setup

The laser cavity using the micromirror array as simultaneous Q-switch and cavity-end

mirror is again built around a Northrop Grumman Nd:YAG laser module with a laser

crystal rod with 3mm diameter, a length of 63mm and a neodymium concentration

of 0.6% (for pump characteristics and the thermal lens characteristic see chapter 4.6).

The size and respective position of the array mirrors was chosen to enable an overlap

between all array mirrors and the cross-section of the gain medium (see Fig. 5.7).

A 2-mirror laser cavity is constructed with an overall cavity length of 123mm and

spacings of 30mm between the bulk BK7 output coupler (OC) and the laser rod on one

side and the MEMS array as cavity-end mirror and the laser rod on the other side (see

Fig. 5.8). The spacing was chosen to allow the monitoring of the array mirror move-

ments during laser operation with the previously described HeNe probe laser, while

simultaneously keeping the cavity length short to enable alignment of two array mir-

rors even if they would have minimal directional offsets. The OC is a 25.4mm diameter
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Figure 5.8: Laser cavity setup for creating dual-output Q-switching with the MEMS
array.

dielectric coated BK7 mirror with a nominal reflectivity of 80% at the lasing wavelength

of 1064nm. The two array mirrors M1 and M2, used for the dual-output investigation,

are initially aligned without actuation of the micromirrors in continuous wave (cw) las-

ing mode, with the target of creating an identical lasing threshold for the laser outputs

originating from both mirrors. To achieve this, the two mirrors are centred around the

laser cavity axis using a two-axis linear micrometre translation stage in addition to a

tip-tilt mirror mount. To obtain a Q-switched output regime, both mirrors are actu-

ated with an electrical voltage signal with an actuation frequency above the respective

double of each of their peak resonance frequencies to avoid resonance movement break-

down through temperature shifts. This could occur as the resonance frequency curves

for both mirrors show a jump discontinuity about 4Hz below the peak. The movement

breakdown would lead to a cw-lasing case of the respective mirror and therefore a pos-

sible overheating of the gold coating as the laser has a lower lasing threshold for cw

than for Q-switch operation and therefore a higher optical power incident on the mirror

surface. The chosen actuation frequencies are fM1 = 15.848kHz and fM2 = 17.504kHz

which lead to mechanical movement frequencies of 7.924kHz and 8.752kHz. These were

chosen to create similar scan angles for both actuated array mirrors. A similar effect

can also be achieved by adapting the actuation voltage of the mirrors. A variation of

the frequency was chosen so as to not include an additional frequency shift induced by

electrostatic nonlinearities when changing the actuation voltage, which could lead to

actuation closer to the jump observed in the frequency response curves of the mirrors.
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Figure 5.9: Measurement setup for determining the temporal and spatial laser output
of the dual-output Q-switch, BP: beam profiler, PM: power meter, PD:
photodiode, L: focusing lens, M: HR mirror to select temporal or spatial
measurement, KE: knife edge, M1: HeNe guidance mirror.

5.5 Dual laser output above threshold

To gain Q-switch laser output through both aligned array mirrors, both M1 and M2

are actuated simultaneously at their respective driving frequencies. An Agilent 33250A

signal generator and times twenty amplifier combination together with a 10kΩ series

resistor is used. The measurement setup to determine the spatial and temporal Q-

switch laser output characteristics of both outputs simultaneously is shown in Fig. 5.9.

The setup is similar to the previously shown measurement setup in Fig. 4.28, with both

outputs being focused on a 1.5GHz photodiode (PD) for the temporal measurement, as

well as both output beams incident on the Thorlabs BP104-IR beamprofiler (BP) for

the spatial measurement or on a Gentec Solo PE powermeter (PM). A knife edge (KE)

is mounted on a linear micrometre translation stage to block each of the output beams

individually and therefore enable the determination of the individual pulse trains and

output powers.

The Q-switch operation has a higher laser threshold level than the cw-case used for

the original alignment; therefore an increase in pump power is required when both

scanning mirrors M1 and M2 are actuated. The pump power was increased to 90W
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optical power for the Nd:YAG gain module, leading to a stable pulse train output for

both mirrors with a total average optical output power of 30mW. The transverse

position of the MEMS chip was adapted minimally through the two translation-stages

on the mirror holder to get a balanced average output power for both individual beams.

The individual average powers were in this case confirmed by using the KE placed after

the OC to sequentially block each of the output beams.

5.5.1 Spatial output behaviour

The spatial output profile from both mirrors is shown for a total average output power

of 30mW in Fig. 5.10. The beamprofiler was hereby placed 50mm after the OC. Both

output beams, originating from mirror M1 and M2, show a fundamental Gaussian beam

distribution in both the horizontal and vertical axis, indicating a TEM00 spatial output

during Q-switching for each individual beam. The measurement speed and principle

of the scanning slit beam profiler leads to an averaging over multiple laser output

pulses to create the 2D beam profile. The beam pointing stability of the outputs is

therefore confirmed over the averaging times of the detector, which were up to two

minutes. In contrast to the Q-switched spatial laser outputs observed in chapter 4 only

a single output spot is visible per actuated mirror. This is a result from the chosen

alignment to generate Q-switched laser output from both mirrors, together with a

minimal orthogonal tilt in respect to the scanning movement of each mirror during their

resonance movement. The orthogonal tilt was measured to be around 0.015○ between

every successive pass through the laser alignment. This minimal unbalanced movement

is believed to originate from the non-symmetric actuation point of the electrostatic

force due to the single side comb-drive used for the mirror actuation. The alignment

chosen for creating a simultaneous Q-switched output of both actuated mirrors M1 and

M2 with a balanced average output power results in a beam position on the MEMS

mirrors towards their edge. The observed orthogonal tilt during the scanning motion

can in this case lead to an alignment and laser pulse output at only one of the mirror
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Figure 5.10: Spatial output profile of the dual output Q-switch with average power of
30mW.

movement directions, especially as the laser output power was limited to operation

close to threshold. This leads to the observed single temporal and spatial output per

beam and mirror movement cycle. The midpoint distance between the Q-switch output

beams originating from the actuated mirrors M1 and M2 was measured to be 1.25mm

at the measurement plane located 50mm from the OC.

5.5.2 Temporal output behaviour

The time dependent laser output was first evaluated with both output spots incident

on the photodiode , as shown in the measurement setup. The actuation conditions are

unchanged to get a total average output power of 30mW. The pulse train has a varying

time delay between two subsequent pulses (see Fig. 5.11(a)). This is created due to the

movement frequency offset of the two mirrors used as active Q-switches. The offset

of 828Hz will lead to the shown varying time spacing between the pulses originating

from mirror M1 and the pulses originating from mirror M2. The pulses are mapped

in Fig. 5.11 to the pulse trains of the two individual output beams, showing that every

alternate pulse can be associated with one of them respectively.

The individual outputs were measured by blocking the output beam from mirror

M1 (Fig. 5.11(b)) or mirror M2 (Fig. 5.11(c)) with the mentioned KE. The resulting
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(a)

(b)

(c)

Figure 5.11: Measured time dependent laser output with (a) pulse train of both outputs,
(b) pulse train and electrical actuation signal of M2 and (c) pulse train and
electrical actuation signal of M1.

individual pulse trains show then a homogeneous pulse repetition frequency (PRF) of

7.924kHz for the laser output from M1 and 8.752kHz for the laser output for M2. Both

individual output pulse trains in Fig. 5.11 also include the respective electrical square-

wave driving signals with an amplitude of 200V, with a laser pulse output visible for

every second electrical actuation cycle. This corresponds to one pulse per mechanical

movement cycle as the mirrors are actuated with sub-harmonic frequency driving as

mentioned earlier in this chapter. The electrical driving signal for M1 (Fig. 5.11(c)) is

in the shown graph inverted in respect to the driving signal of M2, due to an inverted

channel setting during data acquisition.

Typical pulses of the two individual controlled output beams are shown in Fig. 5.12,

with measured full width half maximum (FWHM) pulse durations of 40ns for the

output of M1 and 33ns for the output of M2. This variation in the pulse duration can

be associated with a non-homogeneous gold coating and possible minimal variations

in the reflectivity of each mirror. A similar behaviour of lower pulse durations for the

output of M2 is also shown later for the maximum achieved combined average output
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(a) (b)

FWHM = 40ns FWHM = 33ns

Figure 5.12: Individual Q-switch output pulses for the output originating from (a) mir-
ror M1 and (b) mirror M2.

power of 125mW. The pulse peak powers and pulse energies for both output beams can

be calculated, as the average output power for both outputs was measured to be equal.

The individual pulse energy can then be calculated through the ratio of the average

output power of each output divided by the PRF, as both outputs show a regular pulse

train. For the output pulses originating from M1 a pulse energy of 1.9µJ is therefore

present and for pulses originating from M2 a pulse energy of 1.7µJ. The peak power for

each output is then possible to be calculated by the ratio of the obtained pulse energy

divided by the respective pulse duration. For the output using M1 this leads to a peak

power of 48W and for the output using M2 a peak power of 52W.

5.6 Dual laser output with 125mW average power

The average output power of the combined Q-switch laser output was further increased

until a point close to the defined limit of thermal induced changes to the mirror move-

ment or surface curvature is reached. For the micromirror array, with the previously

described gold coating, this maximum limit was set to an overall average output power

below 150mW. The output characteristics of a dual Q-switched output with a com-

bined average output power of 125mW is therefore presented in this section. The

corresponding optical pump power of the side-pump diode-stacks is 100W in this case.
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Figure 5.13: Spatial laser output profile of the dual output Q-switch with average power
of 150mW.

5.6.1 Spatial output behaviour

The measurement setup for the spatial output behaviour is identical to the previously

described setup, with the resulting 2D beamprofile at a distance of 50mm from the OC

shown in Fig. 5.13. The two output spots originating from the Q-switched outputs of

the laser cavities using mirror M1 and M2 show both again a fundamental Gaussian

beam distribution in both axes. The midpoint separation between both spots is in this

case 1.2mm. The combined and individual average output powers of both Q-switch

outputs were measured using the KE to sequentially block each individual beam. The

individual output power of each beam originating from one of the actuated array mirrors

is in this case about 63mW. The KE was after this moved to an intra-cavity position,

to allow blocking the resonating laser field of each output sequentially inside the cavity.

When blocking one of the outputs no change in output power and output characteristics

of the respective other output beam was observed, showing that no gain competition

exists in this case between both output beams.

To confirm the spatial fundamental mode output of both beams the beam profiler

setup was used to experimentally determine the beam quality factor M2 of each output.

The output beams are individually focused through a lens and the resulting beam radius

is measured in both transversal axes throughout the focal range by moving the beam
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Figure 5.14: Beam radii measurements to determine the beam quality factor M2 for
(a+b) the output from M1 and (c+d) the output from M2.

profiler longitudinally along the laser output. The resulting distributions for the beam

radii for both axes of the output originating from mirror M1 and from mirror M2 are

shown in Fig. 5.14. A manual fit to the experimentally obtained data points is used to

obtain a value for M2 using three fit parameters: the beam radius at the beam waist

w′0, the beam quality factor M2 and the beam waist position z′0. The spatial beam

distribution is assumed to be Gaussian, including possible higher order transversal

modes. The equation of the fitted curve for a theoretical beam radius distribution

w′calculated can then be used for each axis with [167]:

w′calculated = w′0 ⋅
¿ÁÁÀ1 + (M2 ⋅ λ

π ⋅w′20
(z′ − z′0))

2

. (5.1)

The wavelength λ is in this case 1064nm, the beam position z′ is the longitudinal



5.6 Dual laser output with 125mW average power 187

(a)

(b)

(c)

Figure 5.15: Measured time dependent laser output with (a) pulse train of both outputs
combined, (b) pulse train and electrical actuation signal of M2 and (c) pulse
train and electrical actuation signal of M1.

position and z′0 is the position of the beam waist. The beam radius w′0 is set to the

minimum measured beam radius as starting point for the fit, with then adaptations

to the M2 value, w′0 and z′0 conducted until a good fit between the measured and

calculated longitudinal beam distribution is achieved. For the Q-switched output beam

originating from mirror M1 the fit shown in Fig. 5.14(a) leads to beam quality factors of

M2
M1,x = 1.08 and M2

M1,y = 1.1, with a beam radius at the waist of w′0,M1,x = 87µm and

w′0,M1,y = 98µm respectively. Likewise, the fit to the Q-switch output beam originating

from mirror M2 (see Fig. 5.14(b)) leads to beam quality factors of M2
M2,x = 1.2 and

M2
M2,y = 1.18, with a beam radius at the waist of w′0,M2,x = 105µm and w′0,M2,y = 112µm

respectively. The beam quality factors of both mirrors show that both Q-switched laser

outputs have excellent beam quality with a confirmed TEM00 spatial output behaviour.

5.6.2 Temporal output behaviour

The temporal behaviour of the Q-switched laser outputs with a total average power of

125mW was measured using again the same setup as described earlier. The measured
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(a) (b)

FWHM = 34ns FWHM = 28ns

Figure 5.16: Individual Q-switch output pulses for the average output power of 125mW
for (a) the output from M1 and (b) the output from M2.

pulse trains for the combined output and each individual output beam are shown in

Fig. 5.15 (a), (b) and (c) respectively. The pulse train of the combined output shows,

identical to the measurement with 30mW average output power, a variable pulse spac-

ing between two successive pulses. The individual outputs show a regular pulse train

with a PRF of 7.929Hz for the output using M1 and 8.752Hz for the output using

M2. The allocation of the individual pulses in the combined pulse train is again visible

in Fig. 5.15, confirming the presence of output pulses originating from both actuated

mirrors. The pulse train shows a pulse peak power variation of about maximum 45%,

which can originate due to operation close to the set damage limit of the mirror gold

coatings.

Individual pulses from both Q-switch outputs are shown in Fig. 5.16, with again the

pulses originating from the cavity using M1 having longer pulse durations than the

pulses originating from the cavity using M2 as Q-switch. This could be caused by

variations in the mirror surface reflectivity due to the inhomogeneous coating of the

array mirrors (see chapter 4.5). The respective FWHM pulse durations are 34ns and

28ns for the output from M1 and M2. The average output powers for each output

beam were again measured to be equal, which leads to a calculation of the individual

pulse energies of 7.9µJ for the output from M1 and 7.1µJ for the output from M2,

according to the average power and PRF ratios introduced for the 30mW output. The

corresponding pulse peak powers are 232W and 253W respectively.
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To experimentally evaluate the influence of the mirror movement speed on the pulse

duration, the excitation frequency for both actuated micromirrors was varied with

minimal adaptation to the pump power to keep a Q-switch total average output power

of 125mW. A change in the mirror excitation frequency will change the mechanical

movement frequency and the TOSA; therefore leading to a change in the maximum

angular velocity of the mirror during the pass through the laser cavity alignment. With

the knowledge of the TOSA θ and movement frequency fmech the maximum angular

velocity through the mirror rest-position ωmax can be calculated with

ωmax = 2πf ⋅ sin θ

4
. (5.2)

The actuation frequencies of both mirror M1 and M2 were changed from their original

actuation points for the above presented Q-switch results to higher frequencies. For

the mirror M1 the actuation frequency was changed from 15.848kHz up to 15.905kHz,

leading to angular speeds from 1.53 ⋅104 rad/s to 4.6 ⋅103 rad/s with the angular response

changing as shown previously in Fig. 5.5. The resulting Q-switch pulse durations τ for

these mirror speeds are shown in Fig. 5.17. The pulse duration of 34ns of the initial

driving conditions stays constant when the angular speed of the scanning mirror is

decreased down to a maximum angular speed of about 1 ⋅104 rad/s. The pulse duration
rises for Q-switch actuation with maximum angular speeds of the mirror below this

value, with a maximum measured pulse duration of 54ns at the lowest used mirror

speed of 4.6 ⋅ 103 rad/s. A similar behaviour is present for the Q-switch pulse output

originating from M2 when its actuation frequency is increased. The actuation frequency

was hereby increased from 17.504kHz to 17.540kHz leading to maximum angular speeds

between 1.41⋅104 rad/s and 6.8⋅103 rad/s. The resulting Q-switch pulse durations are also

shown in Fig. 5.17 with an increase in the pulse duration visible for maximum angular

mirror movement speeds below around 1.2 ⋅104 rad/s. The pulse duration of 28ns of the

initial driving conditions is hereby increased to a value of 41ns for a maximum angular

velocity of 6.8 ⋅ 103 rad/s.
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Figure 5.17: Experimentally measured Q-switch pulse duration dependency on the
MEMS angular velocity through the cavity alignment for an average out-
put power of 125mW.

For both Q-switch outputs a regime of constant pulse duration is possible with varying

mirror movement speed, in which the minimum pulse duration is limited by the laser

cavity to about 30ns, as will be discussed in section 5.7. Below a maximum angular

mirror movement speed of about 1.0 ⋅ 104 rad/s to 1.2 ⋅ 104 rad/s the Q-switch pulse

duration increases, leading to the pulse duration being limited by the mirror movement

speed rather than the laser cavity itself.

5.7 Conclusions of pulsed array laser output

A dual output with two individual controllable Q-switch laser outputs generated from

a common Nd:YAG solid-state laser gain medium was presented in this chapter. The

outputs were created using two scanning mirror of a silicon MEMS micromirror array,

leading to a combined maximum average output power of 125mW, maximum pulse

energies of Epulse = 7.9µJ and minimum pulse durations of 28ns. The individual pulse

durations of both output beams are shorter for the higher average output power of
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125mW compared to the behaviour at 30mW. This can be expected as the increased

pump power will lead to a higher initial inversion density of the laser gain medium and

therefore to a lower pulse duration.

Both Q-switch laser outputs for the 125mW average output power case show pulse

durations limited by the cavity, as can be shown by using equation (4.23) [179] already

introduced in section 4.6.2. This relates the minimum theoretical pulse duration τmin to

the cavity round-trip time τr and the gain G present in the cavity. For the cavity used

in this case a round-trip time of 0.82ns was calculated and an unsaturated round trip

gain of G = 1.24 was estimated through the minimum gain necessary to overcome losses

through the reflectivities of the OC and MEMS. This leads to a theoretical minimum

pulse duration of τmin ≈ 30ns. Both measured pulse durations of 28ns and 34ns of

the two outputs are close to this value, with possible small deviations due to the non-

homogeneous gold coating mentioned previously.

These cavity limited pulse durations were experimentally shown to be present for

micromirror angular velocities through the alignment of above ≈ 1.2 ⋅ 104 rad/s. For

slower scanning speeds an elongation of the pulse is measured, leading to a case where

the pulse duration is not limited by the cavity setup but by the micromirror speed.

With this it was also shown that the array mirrors used for the dual laser output

were fast enough to generate Q-switch pulses with similar durations to acousto-optic

or electro-optic modulators whose outputs are also limited by the laser cavity [179].

Their spatial beam quality was measured, showing an excellent beam quality with

beam quality factors M2 below 1.2 for the Q-switch outputs with pulse energies up

to 7.9µJ. The laser outputs from each of the two used array mirrors have a single

output spot, in contrast to the results shown in chapter 4 with similar scanning mirrors.

This behaviour is explained due to a minimal orthogonal tilt of the mirror surfaces on

every successive pass through the laser alignment combined with the overall necessary

cavity alignment chosen to generate two balanced outputs from two neighbouring array

mirrors. With the alignment placing the laser spots on the edge of the mirrors, only one
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of the movement directions of the mirror creates a cavity alignment with low enough

losses to enable pulsed laser output due to the orthogonal tilt. Therefore a single pulse

output per movement cycle is obtained and only a single spot, as the previously shown

dual spot behaviour in chapter 4 originates from the two movement directions of the

scanning mirror.

The limitations of the currently used devices were also shown in this chapter, which

have their origin due to heat generation in the gold coatings used to improve the

reflectivity of the silicon micromirrors. This heat is created through absorption of

intra-cavity optical power and leads to changes of the mirror surface curvature, the

movement of the mirror and ultimately thermal destruction of the gold coating above

certain temperature limits.

To overcome these limitations and achieve further power scaling of the laser output

dielectric optical coatings are a desired way forward, with preliminary tests in this

direction already mentioned and investigated in the previous chapter 4. A further

improvement for future work can also be seen in a reduction of the size of the scanning

micromirror, with a further reduction of the mirror diameter leading to the possibility

of a denser packaging and the possibility for an increase in the number of simultaneous

Q-switched laser outputs which are individual controllable through individual MEMS

array mirrors.
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6 Overall conclusions and future work

The work presented in this thesis investigates MEMS electrostatic scanning micromir-

rors and their application as intra-cavity elements in solid-state laser systems. The

category of angled vertical offset comb-drives (AVC) was investigated in respect of the

influence of the actuator initial conditions on the resonant movement behaviour, using

an analytical hybrid simulation model and experimental data. The integration in a

Nd:YAG laser system was done as cavity end-mirror and Q-switch. The performance of

a single scanning MEMS mirror is in this case investigated as well as the use of an array

of micromirrors to create novel individual controllable multiple laser outputs through

a common gain medium.

6.1 Overall conclusions

MEMS scanning micromirrors with an AVC actuator geometry were theoretically and

experimentally investigated, with particular focus on the influence of the initial AVC

geometry on the dynamic resonant movement behaviour of the mirror. For the theo-

retical investigation a simulation approach was presented, combining FEM calculations

of the electrical field distribution of the AVC actuator with an analytical solution of

the governing ODE motion equations of the mirror. The 2D FEM simulation was cre-

ated to model a comb-drive unit cell and its capacitance changes for varying vertical

comb-offsets by including electrical fringe fields. This distribution was used as one of
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the inputs for the analytic ODE motion equation description in Matlab to simulate

the frequency response curve of the AVC MEMS scanning micromirror. The model

does not include an analytical description of the air damping acting on the micromirror

and therefore requires the prior knowledge or estimation of the damping coefficient of

the motion equation as the only experimentally obtained input variable for the initial

model. The AVC initial offset, device geometry and applied driving voltage are the

further necessary input parameters. The generated model was validated with excellent

agreement using experimental data from an example scanning micromirror, exhibiting

movement angles of maximum 13.3○ at a resonance frequency of 26.4kHz with no ob-

served non-linearities. The agreement between the simulation and measurement was in

this case within 5% with excellent agreement of the Q-factor.

The influence of an AVC actuator initial offset on the dynamic resonant movement

was experimentally investigated using a scanning micromirror with a novel comb-drive

actuator geometry, allowing an electrically controllable continuous variation of the ini-

tial comb offset. This continuous variation is achieved using an electrothermal actuator

built in the fixed comb anchor of the AVC. The variation of the vertical offset between

moving and fixed combs is limited by the thermal damage limit of the actuator, leading

to achievable offsets between 10.4µm and 4.9µm. The frequency response curves of

the scanning micromirror were investigated for varying initial offsets using this ther-

mal displacement actuation, as well as through employing a mechanical displacement

of the fixed part of the AVC using a mechanical needle prober. This mechanical dis-

placement allowed initial comb offsets close to an in-plane configuration, as well as

negative initial offsets. Negative initial offsets means in this case the tip of the fixed

combs being initially vertically placed below the moving combs. For both initial offset

actuation principles the torsional resonance of the same device was generated, using

an offset square-wave voltage signal with 80V and 120V amplitude. The frequency

response around the 6.0kHz torsional resonance was evaluated using maximum verti-

cal comb-offsets of 10.4µm, 8.0µm, 5.6µm and 4.9µm for electrical offsets as well as
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0.5µm and −1.7µm for mechanical offsets. The frequency response of the investigated

device showed no observable nonlinear behaviour in the form of hysteresis and spring

hardening or softening in the investigated cases. Lower initial comb-offset magnitudes

resulted in lower measured optical scan angles at resonance, confirming that the ini-

tial AVC geometry not only influences the static tilt behaviour of a MEMS mirror

(which has been studied by other international researchers), but also its dynamics and

achievable angular response at resonance.

In the second part of the thesis, the above presented micromirrors were then used

as intra-cavity Q-switches of a Nd:YAG solid-state laser. The MEMS mirrors were

investigated as end-mirrors of several laser cavity configurations, showing Q-switched

laser output with possible shortest pulse durations, limited by the parameters of a 2-

mirror laser cavity and not the mirror movement dynamics. Therefore, the possibility

was shown to employ this Q-switch type as an alternative to commonly used crystal

modulators without any impact on the laser performance. For all single MEMS mir-

ror lasers investigated, the pulsed laser outputs presented a dual spot spatial output,

originating from the bi-directional scanner movement combined with a temporal laser

pulse emission delay in respect to the perfect mirror alignment. This delay time and

spatial laser output were investigated for varying output coupler reflectivities of the

laser cavity, leading to a variation in the pump power and subsequently a variation of

the initial inversion density which influences the laser pulse build-up time. For the three

experimental cavity configurations, consisting of one 2-mirror and one 3-mirror cavity

using a gold coated MEMS as well as a 3-mirror cavity using a dielectric coated MEMS,

clear trends of lower laser pulse delay times with increased pump power was shown

for the 3-mirror cavities. For the gold coated devices with limited maximum average

output power of 25mW, the pulse delay reduced from 600ns to 300ns by using a 50%

reflective output coupler (OC) rather than a 80% OC. A similar trend was shown for

the dielectric coated devices by increasing the average output power through increased

pumping. Coupled to the reduced delay time was also the reduction of the pulse dura-



6.1 Overall conclusions 196

tion due to laser cavity losses at the point of the pulse emision. With these trends it

is expected that an optimum pulse timing at the lowest cavity losses can be achieved

by an increase in the pump power to threshold power ratio. This would correspond

to a pulse emission at the lowest laser cavity losses, creating highest possible output

pulse energies. In the experimental work optimum pulse timing was not achieved due to

output power limitations introduced by the optical coatings of the mirror surface. Gold

coatings and a test dielectric coating were used with a maximum reflectivity of 97%,

leading to thermal changes and damage above about 75mW average output power for

gold coatings and 500mW average output power for the dielectric coatings. A sim-

ulation model for the Q-switch laser behaviour was additionally presented, matching

the experimentally obtained data. The model is based on the laser rate equations,

including the time dependent description of the losses introduced by the mechanical

mirror movement through the cavity alignment. As this model is only considering the

temporal laser behaviour, an ABCD matrix description was introduced to simulate the

matching spatial output behaviour.

To build on the miniaturisation advantages of the MEMS micromirrors, an array

of scanning micromirrors was used to generate, for the first time, multiple individual

controllable Q-switched laser outputs through a single gain medium using MEMS as

active Q-switches. The designed array consisted of four electrostatic comb-drive actu-

ated 700µm diameter mirrors with midpoint distances below 1mm. However only two

of the array mirrors were used to create simultaneous pulsed outputs as the gold coat-

ings used for the mirror surfaces lead to high laser threshold powers for alignments of

multiple mirrors, not reaching Q-switched output for alignment of more than two array

mirrors in the presented cavity configurations. The mechanical resonance frequencies

correspond in this case with the achieved pulse repetition frequency (PRF), with all

array mirrors having a slight variation in their resonance frequency between 7.0kHz

and 9.0kHz to avoid coupling and cross-talk. Simultaneous pulsed laser outputs were

achieved using two adjacent gold coated array mirrors, with both output beams exhibit-
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ing pulse durations of 28ns and 34ns, limited by the chosen 2-mirror cavity. Excellent

spatial beam quality was measured for both, with beam-quality factors of M2
1 = 1.1 and

M2
2 = 1.2. The output power was again limited due to the gold coatings, leading to

maximum pulse energies of about 8µJ per beam with a total average output power of

125mW.

When putting these results into context with further MEMS Q-switched lasers intro-

duced in chapter 1.3.3, higher pulse energies have been achieved with excellent laser

beam quality and prospects of further power scaling. The power scaling possibility by

using the presented silicon scanning micromirrors is also seen to be more promising

than using thin metallic membrane or cantilever mirrors, as seen by the power limits

encountered with gold coatings used in the here presented work. The demonstrated

possibility of using multiple outputs through the same gain medium also shares these

power scaling possibilities.

6.2 Future work

Regarding the investigation of the basic behaviour of AVC scanning micromirror, fur-

ther work can be undertaken on the simulative part, with the possibility of developing

an analytical description of the damping behaviour. This would be desired to remove

the requirement of experimental data or estimations of the resonance Q-factor used

as input for the current simulation model as described in section 2.1. With the inter-

action of several damping mechanisms in the form of squeeze-film damping and drag

damping, an analytic description to model these influences has not been shown yet for

theoretical models of the resonant dynamics of comb-drive actuated scanning micromir-

ror. For scanning mirror showing higher nonlinear behaviour of the frequency response

curve than the investigated devices, an FEM based description of the nonlinear spring

constant would be an additional necessary inclusion to the presented model.

Further investigations on the influence of the initial AVC offset on the scanning mirror
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Current AVC designDesign without frame Design with improved magnification

(a) (b) (c)

Figure 6.1: Further design improvement possibilities for the presented AVC scanning mi-
cromirror, with (a) mode shape of an adapted design without frame struc-
ture, (b) current design and (c) mode shape of an adapted design with
increased magnification.

resonance behaviour can include the creation of higher initial offsets than possible with

the device investigated here, to find the offset angles corresponding to a maximum

angular frequency response. An improvement of the overlap accuracy between the

model and experimental results can possibly be achieved by using a non-framed mirror

structure (see Fig. 6.1 (left)). This results from the minimal angular tilt magnification

which a framed mirror would exhibit in respect to the frame, which was not considered

in the theoretical model used here. A comparison of this framed and rigid scanning

mirrors could also allow the investigation of the estimation of an accurate damping

coefficient for coupled torsional scanning systems, when only a single frequency response

is experimentally obtainable. To increase the accuracy of this possible investigation an

AVC scanning mirror with improved magnification between the frame and central mirror

structure could be used (see Fig. 6.1 (right)).

Future work on the integration of MEMS scanning mirror as active Q-switch elements

in solid-state lasers could focus on the development of high reflective low stress dielectric

coatings, to enable further power scaling of the laser output. This will possibly also lead

to an improvement of the pulse train homogeneity, as well as enable laser operation with

perfect timed pulse emission coinciding with the lowest cavity loss point. Employing

MEMS Q-switches in laser systems with an output wavelength around 1.5µm using low



6.2 Future work 199

Wavelength [a.u.]l

In
te

n
si

ty
 I

 [
a.

u
.]

(a) Scanning mirror including grating with variable spacing

(b) Laser output wavelength shift due to mirror translation

Dy

(c)

Figure 6.2: Future added functionality possibilities of MEMS in solid-state laser systems
by integrating a high contrast grating to a scanning micromirror for laser
output wavelength selectivity; (a) possible grating, (b) spectral laser output
and (c) mirror movement to achieve the spectral tuning.

loss dielectric coatings can also allow higher power scaling possibilities, as the absorption

coefficient of silicon reduces by two orders of magnitude between the used 1.064µm

output and operation at 1.5µm. Therefore the optical heat power on the mirror can be

reduced, which enables higher optical intra-cavity powers. Further work can also include

the investigation of a full electro-magnetic field simulation of the MEMS Q-switched

laser cavity, obtaining a comparison to the rate equation simulation approach used in

the work presented here. Additionally this model would generate a complete analysis

of the spatial variable field behaviour inside the cavity during pulse build-up using both

scanning mirror movement directions. The integration of additional functionalities to

the laser systems by using further MEMS devices is also a future possibility, with ideas

of integrating a grating structure to achieve wavelength selectivity next to the temporal

control achieved through the scanning movement (see Fig. 6.2) if a gain medium with

large gain bandwidth is used.

Further work on creating multiple individual controllable laser outputs through an

array of MEMS micromirror also includes the improvement of the dielectric coating pro-

cesses. An improved coating reflectivity will lead to lower laser threshold levels, which

will possibly enable an increase in the number of laser outputs due to less stringent
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alignment tolerances and higher possible output power levels of each individual out-

put. Additional possibilities for future work also include modifications to the scanning

mirror arrays, using smaller mirrors and a resulting tighter packaging to also increase

the number of individual controllable outputs. Investigations of integrating additional

spectral or spatial control, next to the temporal Q-switch control, are also possible with

long term goals of creating fully configurable outputs through multiple active MEMS

devices within the laser cavity.
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Appendix A - MEMS model Matlab files

1 %−−−−−−−−−−−−−−−−−−−−−−−−−−
2 % CapacitanceCalculation inclFringeFields.m
3 %
4 % Matlab −Code to calculate the angular dependent Capacitance and ...

differential Capacitance
5 % for a single defined set of initial comb −offset values
6 %−−−−−−−−−−−−−−−−−−−−−−−−−−
7

8 clear all
9

10 %Input variables:
11 N=26; %number of comb −finger gaps
12 l1 = 153e −6; %comb−finger length of overlap area
13 ltot = 169e −6; %comb−finger length of moving finger including ...

distance to rotation axis
14 h1 = 10.4e −6; %comb−offset at open −end of fixed −combs
15 h2 = 6.1e −6; % comb−offset at anchor −end of fixed −combs
16 t = 10e −6; %thickness of mirror
17 dBase2 = 9e −6; %half −width of torsion beam
18 V0 = 80; %Voltage used in COMSOL to calculate We (electrical field .. .

distribution), value was 80V
19

20

21 thetai=atan((h1 −h2)/l1);
22

23 j=0; k=0;
24 %define loop to calculate C between + −22.5Deg
25 for theta=( −22.5 * 3.14159/180):0.001:(+22.5 * 3.14159/180)
26 j=j+1;
27

28 %coefficients from 8th order fourier fit to COMSOL We(h) sim ulation
29 a0 = 2.422e −008;
30 a1 = 2.598e −008;
31 b1 = 3.821e −024;
32 a2 = 1.403e −008;
33 b2 = −1.242e −024;
34 a3 = 8.506e −009;
35 b3 = 1.91e −024;
36 a4 = 4.681e −009;
37 b4 = −5.731e −025;
38 a5 = 2.683e −009;
39 b5 = 1.004e −040;
40 a6 = 1.34e −009 ;
41 b6 = −1.146e −024;
42 a7 = 7.181e −010;
43 b7 = 2.674e −024 ;
44 a8 = 2.933e −010;
45 b8 = −6.492e −025;
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46 w = 4.189e+004;
47

48 %h = @(l) (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)); %heigth ...
depending on l value

49

50 We = @(l) a0 + ...
a1* cos((l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...

51 b1* sin((l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
52 a2* cos(2 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
53 b2* sin(2 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
54 a3* cos(3 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
55 b3* sin(3 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
56 a4* cos(4 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
57 b4* sin(4 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
58 a5* cos(5 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
59 b5* sin(5 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
60 a6* cos(6 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
61 b6* sin(6 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
62 a7* cos(7 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
63 b7* sin(7 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
64 a8* cos(8 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w) + ...
65 b8* sin(8 * (l * sin(theta −thetai)+h1+sin(theta) * (ltot −l1)) * w);
66 %We from COMSOL fitted with 8th order fourier in CFTool to get ...

coefficients
67

68 Weint = quad(We,0,l1);
69

70 C(j) = N * 2 / V0ˆ2 * We int;
71 angle(j)=theta;
72

73 end
74

75 dC(1)=0;
76 for k=1:(j −1)
77 k=k+1;
78 dC(k) = (C(k) −C(k −1))/(angle(k) −angle(k −1));
79 end
80

81 angleDeg=angle * 180/3.14159;
82

83 figure
84 subplot(2,1,1)
85 plot(angle, C, 'red' )
86 xlabel( 'Rotation angle [Rad]' )
87 ylabel( 'Capacitance [F]' )
88 subplot(2,1,2)
89 plot(angle, dC, 'blue' )
90 xlabel( 'Rotation angle [Rad]' )
91 ylabel( 'Differential Capacitance [F/Rad]' )
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1 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
2 % FourierFitToDifferentialCapacitance.m
3 %
4 % Program to run and evaluate Fourier Series fit to C and dC
5 % Function Fseries and Fseriesval from : ...
6 % http://www.mathworks.co.uk/matlabcentral/fileexcha nge/ ...
7 % 31013−simple −real −fourier −series −approximation
8 %
9 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10

11 function [a,b] = main(angle,dC)
12 %needs import of calculated C −vs −theta to enable fit!!
13

14 [a1,b1]=Fseries(angle,dC,20); %20th order fourier fit to dataset
15 a=a1';
16 b=b1';
17

18 j=0;
19 for i= ( −22.5 * 3.14159/180):0.001:(22.5 * 3.14159/180)
20 j=j+1;
21

22 theta1(j)=i;
23

24 dC1(j)=b(1) * sin(theta1(j) * 8)+a(2) * cos(theta1(j) * 8) ...
25 +b(2) * sin(theta1(j) * 8* 2)+a(3) * cos(theta1(j) * 8* 2) ...
26 +b(3) * sin(theta1(j) * 8* 3)+a(4) * cos(theta1(j) * 8* 3) ...
27 +b(4) * sin(theta1(j) * 8* 4)+a(5) * cos(theta1(j) * 8* 4) ...
28 +b(5) * sin(theta1(j) * 8* 5)+a(6) * cos(theta1(j) * 8* 5) ...
29 +b(6) * sin(theta1(j) * 8* 6)+a(7) * cos(theta1(j) * 8* 6) ...
30 +b(7) * sin(theta1(j) * 8* 7)+a(8) * cos(theta1(j) * 8* 7) ...
31 +b(8) * sin(theta1(j) * 8* 8)+a(9) * cos(theta1(j) * 8* 8) ...
32 +b(9) * sin(theta1(j) * 8* 9)+a(10) * cos(theta1(j) * 8* 9) ...
33 +b(10) * sin(theta1(j) * 8* 10)+a(11) * cos(theta1(j) * 8* 10) ...
34 +b(11) * sin(theta1(j) * 8* 11)+a(12) * cos(theta1(j) * 8* 11) ...
35 +b(12) * sin(theta1(j) * 8* 12)+a(13) * cos(theta1(j) * 8* 12) ...
36 +b(13) * sin(theta1(j) * 8* 13)+a(14) * cos(theta1(j) * 8* 13) ...
37 +b(14) * sin(theta1(j) * 8* 14)+a(15) * cos(theta1(j) * 8* 14) ...
38 +b(15) * sin(theta1(j) * 8* 15)+a(16) * cos(theta1(j) * 8* 15) ...
39 +b(16) * sin(theta1(j) * 8* 16)+a(17) * cos(theta1(j) * 8* 16) ...
40 +b(17) * sin(theta1(j) * 8* 17)+a(18) * cos(theta1(j) * 8* 17) ...
41 +b(18) * sin(theta1(j) * 8* 18)+a(19) * cos(theta1(j) * 8* 18) ...
42 +b(19) * sin(theta1(j) * 8* 19)+a(20) * cos(theta1(j) * 8* 19) ...
43 +b(20) * sin(theta1(j) * 8* 20)+a(21) * cos(theta1(j) * 8* 20)+a(1)/2;
44 end
45

46 figure
47 plot(theta1,dC1,angle,dC)
48

49 end
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1 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−
2 %
3 % MotionEquation inclFringeFields.m
4 %
5 % Fourier coefficients from fit to dC(theta) originating fr om Matlab ...

program
6 % using electrical energy density We from COMSOL fringe fiel d simulation
7 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−
8

9 function [frequency, TOSA] = main(volt)
10

11 %Variables
12 I i = 2.947E −16; %torsional moment of inertia of inner part
13 I o = 1.016E −16; %torsional moment of inertia of frame/outer part
14 I=I i+I o; %overall torsional moment of inertia of mirror S38
15 V0 = volt; %actuation voltage
16 chi=30E −4; %damping coefficient from Q −factor measurements
17

18 k = 5.61E −7; %spring constant, from COMSOL frequency 5987Hz , ...
I=3.963E −16;

19 b t = 2 * chi * sqrt(k / I); %damping factor
20

21 k 2 = 0.33; % nonlinear spring constant to balance NL behaviour ...
introduced by E −field

22

23 i=0;
24 xSt=0;
25 vSt=0;
26

27 % loop to calculate maximum scan angle for each actuation fre quency point
28 for f=6120: −5:5920
29 i=i+1;
30

31 options = odeset( 'RelTol' ,1e −3);
32 [t,theta] = ode45(@motionEqu, [0,0.2], [xSt vSt], options , f, I, ...

V0, b t, k, k 2);
33 thetaD = theta(:,1) * 180/3.14159 * 2; %optical scan angle in degree ...

of mirror
34

35 frequ(i)=f;
36 maxAngle(i)=max(thetaD(length(thetaD) −200:length(thetaD),1));
37 minAngle(i)=min(thetaD(length(thetaD) −200:length(thetaD),1));
38 ScanAngle(i)=maxAngle(i) −minAngle(i);
39

40 %figure
41 plot(t,thetaD(:,1), 'red' )
42 xSt=theta(length(theta),1);
43 vSt=theta(length(theta),2);
44 end
45

46 figure(2)
47 plot(frequ,ScanAngle, 'blue' )
48

49 frequency = frequ;
50 TOSA = ScanAngle;
51
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52 %function definition for ODE solver
53 function dtheta = motionEqu(t, theta, f, I, V0, b t, k, k 2)
54

55 a = [ −5.84036596151532e −14, −1.30418468661294e −13, ...
−1.20975075544607e −13, −7.53943971000068e −14, ...
−4.19904363514037e −14, −1.81801827163762e −14, ...
−7.48890148551746e −15, −9.75358597698473e −16, ...
−3.19194904307977e −16, 2.79035206337273e −16, ...
−2.69950855764030e −16, 2.61006889418562e −16, ...
−2.53415194260764e −16, 2.47167296038075e −16, ...
−2.42045609643612e −16, 2.37826817879094e −16, ...
−2.34324674906412e −16, 2.31392487762061e −16, ...
−2.28916580562092e −16, 2.26808979557159e −16, ...
−2.25001272898397e −16];

56 b = [ −1.83305493731570e −13, −4.94083772227064e −14, ...
−3.06147156377665e −14, 1.01551366385046e −14, ...
−3.01248865881671e −15, 9.23808817728841e −15, ...
−4.72268161671609e −15, 4.68104345485444e −15, ...
−4.17415397793106e −15, 3.76571834910926e −15, ...
−3.42797976372623e −15, 3.14494338125658e −15, ...
−2.90461358046485e −15, 2.69812063676891e −15, ...
−2.51884135460813e −15, 2.36175425174029e −15, ...
−2.22299191283005e −15, 2.09953122425440e −15, ...
−1.98897664847382e −15, 1.88940629127840e −15];

57

58 a=a';
59 b=b';
60 %a and b copied from Fourier fit of ...

FourierFitToDifferentialCapacitance.m
61

62 theta1=theta(1); %angular position of mirror
63 theta2=theta(2); %angular velocity of mirror
64

65 %V2 = V0ˆ2/2 * (1+cos(2 * 2* 3.14159 * f * t)); %sin −wave driving squared
66 V2 = (0.5 * V0 * (1 + square(2 * 3.14159 * f * t)))ˆ2; %square −wave ...

driving signal
67 %V2 = (0.5 * V0* (1+cos(2 * 3.14150 * f * t)))ˆ2; %offset sin −wave driving ...

signal
68

69 dC=b(1) * sin(theta1 * 8)+a(2) * cos(theta1 * 8) ...
70 +b(2) * sin(theta1 * 8* 2)+a(3) * cos(theta1 * 8* 2) ...
71 +b(3) * sin(theta1 * 8* 3)+a(4) * cos(theta1 * 8* 3) ...
72 +b(4) * sin(theta1 * 8* 4)+a(5) * cos(theta1 * 8* 4) ...
73 +b(5) * sin(theta1 * 8* 5)+a(6) * cos(theta1 * 8* 5) ...
74 +b(6) * sin(theta1 * 8* 6)+a(7) * cos(theta1 * 8* 6) ...
75 +b(7) * sin(theta1 * 8* 7)+a(8) * cos(theta1 * 8* 7) ...
76 +b(8) * sin(theta1 * 8* 8)+a(9) * cos(theta1 * 8* 8) ...
77 +b(9) * sin(theta1 * 8* 9)+a(10) * cos(theta1 * 8* 9) ...
78 +b(10) * sin(theta1 * 8* 10)+a(11) * cos(theta1 * 8* 10) ...
79 +b(11) * sin(theta1 * 8* 11)+a(12) * cos(theta1 * 8* 11) ...
80 +b(12) * sin(theta1 * 8* 12)+a(13) * cos(theta1 * 8* 12) ...
81 +b(13) * sin(theta1 * 8* 13)+a(14) * cos(theta1 * 8* 13) ...
82 +b(14) * sin(theta1 * 8* 14)+a(15) * cos(theta1 * 8* 14) ...
83 +b(15) * sin(theta1 * 8* 15)+a(16) * cos(theta1 * 8* 15) ...
84 +b(16) * sin(theta1 * 8* 16)+a(17) * cos(theta1 * 8* 16) ...
85 +b(17) * sin(theta1 * 8* 17)+a(18) * cos(theta1 * 8* 17) ...
86 +b(18) * sin(theta1 * 8* 18)+a(19) * cos(theta1 * 8* 18) ...
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87 +b(19) * sin(theta1 * 8* 19)+a(20) * cos(theta1 * 8* 19) ...
88 +b(20) * sin(theta1 * 8* 20)+a(21) * cos(theta1 * 8* 20)+a(1)/2;
89 %differentialCapacitance defined through fourier fit par ameters
90

91 k t = k * (1 + k 2* (theta1)ˆ2); %inclusion of nonlinear spring ...
constant

92

93 %Motion equation of scanner:
94 dtheta(1)=theta2;
95 dtheta(2)= −b t * theta2 − k t/I * theta1 + 0.5 * V2* dC /I;
96

97 dtheta = dtheta';
98 end
99

100 end
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Appendix B - MEMS Q-switch laser Matlab files

1 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−
2 %
3 % LaserRateEquation.m
4 %
5 % Runge−Kutta solver for Rate −equations of scanning mirror laser
6 % Approximation of loss over mirror angle with "inconclusiv e" ...

Findlay −Clay measurements
7 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−
8 function [n Out, phi Out, t, gamma] = main()
9

10 %−−−−−−−−− Definitions −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

11 sigma = 2.7e −23; %[mˆ2] stimulated emission cross −section
12 c = 3e8; %[m/s] speed of light
13 l = 2 * (0.03+1.8 * 0.063+0.03); %[m] optical resonator length
14 lg = 2 * 0.063; %[m] length of gain medium
15 tr = l/c; %[s] cavity round −trip time
16 fr = 8000; %[Hz] resonant frequency of MEMS mirror
17 t end = (1/(4 * fr))+2e −6; %[s] end time of calculation
18 t start = (1/(4 * fr)) −2e−6; %[s] start time of calculation
19 theta max = 40 / 4 * 3.14159/180; %[rad] maximum MEMS scan angle
20

21 R=0.8; % reflectivity of OC
22 gamma0 = 0.01; % loss factor for intrinsic losses (incl MEMS ...

reflectivity)
23 A= 1/2e −2; % [1/rad] scaling factor for time dependent losses ...

(determined from cos fit to loss −vs −angle measurements)
24 k=1; % factor to gain match between experimental and theoretical data
25

26

27 %−−−−−−−−−− Start values for ODE −−−−−−−−−−−−−−−−−−−−−−

28 n 0 = (gamma 0 + log(1/R))/(sigma * 2 * 0.063) * 1.75 * k; %[mˆ−3] ...
attempted calculation with Svelto, factor 1.205 through th reshold ...
difference for cw and q −sw

29 phi 0 = 1; %[mˆ−3] initial photon density (calculation possible?)
30

31

32 %−−−−−−−− Calculate angle/time −dependent loss −−−−−−

33 gammat = linspace(t start, t end, 1000); % generate time vector for gamma
34 theta = theta max * cos(2 * 3.14159 * fr * gammat);
35 for j=1:length(theta)
36 if abs(theta(j)) < 8e−3
37 gamma(j) = log(1/R) + (cos(A * theta(j) + 3.14159) + 1) + gamma 0;
38 else
39 gamma(j) = 1;
40 end
41 j=j+1;
42 end
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43

44 %−−−−−−−− Run ODE with output of time t and vector n (population ...
inversion density and photon density) −−−−−−−

45 options1 = odeset( 'RelTol' ,1e −3);
46 [t,n] = ode45(@RateEqn, [t start:0.5e −9:t end], [n 0, phi 0], ...

options1 , c, sigma, gammat, gamma, tr, l, lg);
47

48 %−−−−−−− Format outputs −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

49 n Out = n(:,1);
50 phi Out = n(:,2);
51 gamma = interp1(gammat, gamma, t);
52 t=t −(1/(4 * fr));
53

54 %−−−−−−− ODE function −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

55 function dndt = RateEqn(t, n, c, sigma, gammat, gamma, tr, l, lg)
56

57 gamma1 = interp1(gammat, gamma, t); % interpolate ...
time −dependent gamma function at times t

58

59 dndt(1) = − c * sigma * n(1) * n(2);
60 dndt(2) = n(2) * (c * sigma * n(1) * (lg/l) − gamma1/tr);
61

62 dndt = dndt';
63 end
64

65 end
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1 %−−−−−−−−−−−−−−−−−−−−−−−
2 %
3 % ABCDspatialLaser.m
4 % ABCD matrix calculation of laser beam separation
5 % Origin of spatial simulation at MEMS mirror midpoint
6 %−−−−−−−−−−−−−−−−−−−−−−−
7 clear all
8

9 %parameters
10 lend = 0.05; %[m] distance measurement plane − OC
11 toc = 0.006; %[m] thickness OC
12 l2 = 0.03; %[m] distance OC − gain medium
13 la = 0.063; %[m] length of gain medium
14 l1 = 0.03; %[m] distance gain medium − MEMS
15 fth = 0.6; %[m] thermal lens in gain medium
16 nBK7 = 1.51; % refractive index of BK7 glass at 1064nm
17 nYAG = 1.8; % refractive index of Nd:YAG at 1064nm
18

19 xin = 0; %[m] transversal position of beam on MEMS mirror
20 thetain = 4.32e −3; %[rad] angular position of MEMS mirror
21

22 Xin=[xin; thetain];
23

24 %calculation
25

26 Xout = [1 lend; 0 1] * [1 0; 0 nBK7] * [1 toc; 0 1] * [1 0; 0 1/nBK7] * [1 ...
l2; 0 1] * [1 0; 0 nYAG] * ...

27 [1 la/2; 0 1] * [1 0; −1/fth 1] * [1 la/2; 0 1] * [1 0; 0 1/nYAG] * [1 ...
l1; 0 1] * Xin;

28

29 xout = Xout(1)
30 thetaout = Xout(2)
31

32 xgainMEMS = [1 l1; 0 1] * Xin;
33 xgainMiddle = [1 la/2; 0 1] * [1 0; 0 1/nYAG] * [1 l1; 0 1] * Xin;
34 xgainOC = [1 0; 0 nYAG] * [1 la/2; 0 1] * [1 0; −1/fth 1] * [1 la/2; 0 ...

1] * [1 0; 0 1/nYAG] * [1 l1; 0 1] * Xin;
35 xOCin = [1 l2; 0 1] * [1 0; 0 nYAG] * [1 la/2; 0 1] * [1 0; −1/fth 1] * [1 ...

la/2; 0 1] * [1 0; 0 1/nYAG] * [1 l1; 0 1] * Xin;
36 xOCout = [1 0; 0 nBK7] * [1 toc; 0 1] * [1 0; 0 1/nBK7] * [1 l2; 0 1] * [1 0; ...

0 nYAG]* [1 la/2; 0 1] * [1 0; −1/fth 1] * [1 la/2; 0 1] * [1 0; 0 ...
1/nYAG] * [1 l1; 0 1] * Xin;

37

38 ProfileL = [0, l1, l1+(la/2), l1+la, l1+la+l2, l1+la+l2+to c, ...
l1+la+l2+toc+lend];

39 ProfileX = [xin, xgainMEMS(1), xgainMiddle(1), xgainOC(1 ), xOCin(1), ...
xOCout(1), xout];

40

41 plot(ProfileL, ProfileX, ' −r+' , 'LineWidth' ,2, 'MarkerSize' , 10)
42 xlabel( 'Distance from MEMS [m]' )
43 ylabel( 'Transverse position from cavity axis [m]' )
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Appendix C - Laser module data sheets

Pumpdiode characteristic of one of the three stacks of the laser module
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