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This Thesis reports on the study of hybrid napiomechanical metamaterials, and th&iensing,
nonlinear and switching functionalities

91 Ihave constructed a dedicated apparatus for optical measurements of photonic metamaterials
in vacuum during acoustic excitatiott is based on a fiberized inverted microscope setup
operating at the wavelength of 1310 nim both reflection and transmigsn modes.

1 I have provided the first observation of fluctuations of optical properties of metamaterials due
to thermal motion. In a plasmonic nanomechanical metamatettadrmal motion of
mechanical componentsvith an amplitude of a few hundreds of picomets leads to
reflectivity fluctuations of the order of 0.1%.

1 | have demonstrated the first tuningpf mechanical eigerfrequencies of plasmonic
nanomechanical metamaterials with ligli€ontrolling the internal stress of the structure via
light illumination dlows tuning of the mechanical frequencies at whitltan be efficiently
driven.Bgenfrequency shifts of up to 19%are measured for 2W of incident optical power.

1 I have developed the first nanomechanical, nmatderiatbased nanobolometer. Neoontad
optical detection of infrared radiatiois based on the detection of light scattered two
optically coupled nanomechanical beams providiggatial resolution of 400 nm
eigenfrequency shift per unit of incident optical powsggponsivity of 2-3%/>W with a noise
equivalent power of & nW/HZ2?2,

1 | have demonstrated a new type of volatile optical bistability in a resonant hybrid-nano
optomechanical device. The bistable function has been detrated on a pair of anchored
beamsdecorated with plasmonimetamolecules. The nonlinearity resides in the mechanical
properties of thebeans that can be driven to a bistable response by acoustic signals
modulated at thér natural mechanical resonanseOptical switching between the two
mechanically stable states idemonstrated with 6>W of incident optical powerand the
bistable states are sustained and controllable by about a pW of mechanical power delivered
to a beam

Overall, hybriization ofmechanicdly and opticaly resaant structurescan provide sensing and
switching functionalities based on their mechanical properties and nonlinear response






Table of Contents

¢FoftS 2F [/ 2yiaSyda

TabIlE Of CONENTS.....ciiiiii it r e e e e e s e e e e e e i
Table Of TADIES......uui e e e e e eeeeee e s V)
TabIe Of FIQUIES ... oo e e et e e e e rm e e e e e Vil
List of Accompaging MaterialS..........cooiiiiiiiiiiiiiieie e Xi
Research Thesis: Declaration of AUthOrship.........ccooooiiiiiiiiic e Xiii
ACKNOWIEAGEMENTS. ... .o e e e e e e e e e e e e e e e e e e eeeeeeeeeeemannes XV
Chapter 1 INrOTUCTION ......cviiiiiiiiiiiiiee ettt e e eeeeeas 1
1.1 NanophobdniC metamaterialS............oouiiiiiiiiiiiiiiee e 2
1.2 Reconfigurable nanophotonic metamaterials...............ccceveeiiiiniiiiiiiiie 4
1.2.1 Hybridization with functional materials..............cccccvviviiieeii 4
1.2.2 Mechanically reconfigurable metamaterials...............ccccceiiiiiiiiiiiiennnnnee. 6

1.3 Optical detection of thermal MOtION...............ueviviiiiiiii s 14
1.4 TRNESIS OVEIVIEW. ....eeeiiiiiiiiiiiiiniiinnees s s s s s s e s s e e e s e e e e e e aaaeaaaaaeaaaaaaaaaeeeaeeeeeeeeeeeees 16
Chapter 2 Mechanics of nanomechanical metamaterials...............ccccceeevvvievivnnnnees 19
2.1 The EuleBernoulli beam model............cccuviiiiiiiiiie 19
2.1.1 Mechanical resonances of doultiamped beams................ccoooooiriinnnnnnn. 20

2.1.2 Mechanical resonances of doubtiamped beams under tensile stress..21

2.2 Mechanical analysis of metamaterial beams..................cooovviiiiiii e, 22
2.3 Thermal maion in nanomechanical StrUCLUresS..............ccvvveeiiiiieieeeiiiieeeee 25
2.3.1 Power spectral deNSItY.........ccoiiiiiiiiiiie e 26
2.32 EffECHIVE MASS.....eiiiiiiiiiiiiee et 27
2.4 CONCIUSIONS. ...ttt e e e e e e e e r e e e e e e e e e e nns 28

Chapter 3 Detection of thermal motion in nanomechanical plasmonic

METAMALEIIAIS. ... e e et 31
3.1 EXperimental SBID ........ccouiiiiiiiiiiiiiiiiiiiieiiii e 32
3.2 Fabrication of nanomechanical metamaterialS.........coovveeveeeeeeiee e, 34



Table of Contents

3.3 Modulation of optical properties of nanomechanical metamaterials due to thermal

070 ] 10 o FO TP PPTP T TPPPP 36

3.3.1 Optical properties of nanomechanical metamaterials...............ccccvveee. 38
3.3.2 Detection of thermal motion in nanomechanical metamaterials............ 41

3.4 CONCIUSIONS ....oiiiiiiiiiiiiiittieitb i a e e e e e e e e e e e e e e e e e e e e e aeaaaaaaaeaaaeeeeeeeees 44
Chapter 4 Photothermal tuning of nanomechanical plasmonic metamaterials......45
4.1 Thermal tuning of mechanical eigenfreqUENCIES............cuuveieiiiieeeiiiiiiiiiie 46
4.2 Metamaterial optical ProPertiesS.........ccoviiiiiiiiiiiiiiee e aeaaans 48
4.3 Sample and effective material parameters...........cccuuveeeeiieiieniiiiiiiiieeeeeeeee e 49
4.4 Tuning of mechanical resonances of metamateriarbe with light................... 51
4.4.1 Temperature increase inthe DeaAMS ..o 53
4.4.2 Tuning of eigenfrequencies by ambient temperature changes............. 55

4.5 Optomechanical metamaterial nanobolometer...............coovvvvviiiiiiiiiiiiiiinnnnnns 56
4.6 Frequency tuning in a metamaterial artay............c.vveeieieeeeveeiiiiiiee e, 58
A7 CONCIUSIONS ...ttt e e e e et e e e e e e e e s e s bbb b e e e e eeaaaeeeeananns 61
Chapter 5 Bistable nanomechanical metamaterials...........ccccoeeiiiiiiiiiice e, 63
5.1 Bistability in MEMS/NEMS..........ccooiiiieeeeeeeeeeeeeeeeeeeaeee e 64
5.11 Bistability due to geometric nonlinearity.............cccceeeeeeeeeeeiiiiiiiieeeeeeee 65

5.2 Concept of bistable metamaterial...............cccooee i 67
5.3 Experimental detailS...........uuueiiiiiiiiieeei i) 638
5.3.1 Metamaterial excitation and experimental setup...................evvvvvvvennnnnnd 68
5.3.2 Design of freestanding membranes for nonlinear metamaterials.......... 69

5.4 Bistability in nanomechanical metamaterials............ccccoceeeiiiieiiiiiiiiiie e 71
5.4.1 Acoustically controlled bistability..............cuueiiiiiiiiiiii e, 73
5.4.2 Optically controlled bistability................eeueiiiiiiiiiiii e, 78
5.4.3 Dynamics of optical SWItChING...........uuuuiimimiiiiiiier e 81

5.5 Membranebased DiStability...............uuviieeiiiiiieeiiiiii 84
5.6 CONCIUSIONS ....utiiiiiiiiee ettt ettt e e e e e e e s s bbb e e e e e e e e e e e anneeees 89
(O gF=T o] (= gl G @0 o 1113 [ 1= 91



Table of Contents

G0 R YU 011 0 = PP UPPPPTRPPPS. 91
G2 © 11 1 0T | PP PPPRTRT P 92
Appendix AFocused ion beam MilliNgG...........cooooeiiiii i 95
Appendix BMICroSPECIrOPNOtOMETET.........eiiiiiieiiiiiiiiiimt e 97
PN o oL gl [P @ =¥ ] o] o= 1o ] 1S U 99
BiDHOGrapny... ..o s 103






Table of Tables
¢l o2¥b o¢t S a
Table2.1 Mechanical properties of silicon nitride and gald.............cccccoovviiiiiiin. 23

Table3.1 Fundamental mechanical eigenfrequencies and effective masses of the plasmonic

metamaterial WithOut tENSIIE SIFESS......uviviiiiiiiiiiiee e 43
Table4.1 Thermal properties of silicon nitride and gold...............ccoooiriiiiiii e 51

Table4.2 Effective Youn@ modulusrerr, densityzer, thickness#, thermal expansion

coefficient » ¢ and masd « of the two metamaterial beams..........coovvveeeeiiieeiiieeeeeieee 51

Table5.1 Calculated mechanical eigenfrequencies dfG>m x100>m membrane consisting

of a 50 nmthick silicon nitride coated with 50 nathick gold ... 36






Table of Figures

¢ | o2 FS IdzNEB &

Figurel.1 The Split riNG rESONALAL. .......cciiiuieiiiiie ettt e e e e e e aans 3.
Figurel.2 Reconfigurable, phase chandmsed metamaterials............cccccccviiiiin il 5
Figurel.3 Reconfigurable, liquid crystabased metamaterials.............cccvvvveeeiiiiiiiiiieeennnnd 6
Figurel.4 Stretchable metamaterials..........c.ooooo i 7
Figurel.5 Thermally actuated nanomechanical metamaterials...............cccccvvvvveveveeeeeennen. 9
Figurel.6 Electric and magnetic control of nanomechanical metamaterials................... 11
Figurel.7 Optically reconigurable nanomechanical metamaterials............ccccvevveeeveeeen.. 13
Figurel.8 Nanomechanical addressable metamaterials.............ccccceevviivieiiiie e, 14
Figurel.9 Detection of thermal motion of a plasmonic nanomechanical system............. 15
Figure2.1 Schematic illustratn of a uniform, doublyclamped beam.................ccccoonee 20
Figure2.2 Stress dependence of mechanical eigenfreQUeNCIes...........ccccvveeeiiiiiiiineeenn. 23

Figure2.3 Schematic representation of the simulated nanomechanical metamaterial be&#s
Figure2.4 Simulated mechanical modes of the nanomechanical metamaterial beams..24

Figure3.1 Schematic of the experimental setup for thermal motion detection of

nanomechanical metamaterialS........... ... 33
Figure3.2Photographs of the experimental setup for thermal motion detectian............ 33
Figure3.3 Schematic illustration of tle fabrication procedure............ccccceevvviiiiiiiieeiiiiinnnnnn. 34
Figure3.4 Fabrication and characterization of nanomechanical metamaterials.............. 35
Figure3.5Unsuccessful fabrication attempis.............oooeiiiiiiiiie e 36

Figure3.6 Thermal fluctuations of optical properties of a nanomechanical metamateriaB7
Figure3.7 Plasmonic nanomechanical metamaterial...............cccccvvvviviieeieieiiiniiieiieeeeeee, 39

Figure3.8 Optical properties and displacement sensitivity of the nanomechanical metannizie
....................................................................................................................................... 40

vii



Table of Figures

Figure3.9 PSD spectrum of the nanomechanical metamaterial.............cccccccceeiieneneenn, 41

Figure3.10 Thermal fluctuation of the reflectivity of the nanomechanical metamaterial..42

Figure4.1 Concept of thermal tuning of mechanical eigenfrequencies.......................... 46
Figure4.2 Optical properties of the double beam optical narmechanical system............ 49
Figure4.3 Stresstuning of nanomechanical beam resonatars...........cccccooeciviiiiieeiiniinnn. 50

Figure4.4 Power dependence of thermal vibrations of the metamaterial beam pair.......52

Figure4.5Optical control of mechanical resonances and Stress.........ccccovvvvveeeeeeeeeneee 53
Figure4.6 Temperature and quality factors of the metamaterial beams........................ 54
Figure4.7 Ambient temperature control of mechanical resonances.........ccccvvvevveeeeeeeenn.. 55

Figure4.8 Polarization and spectral dependence of absorption of the metamaterial unit.&éll

Figure4.9 Concept of frequency tuning and bolometry in a metamaterial array.............. 58
Figure4.10Nanomechanical metamaterial bolometearray. ........cccccoevvviiieeiiviiiiiiiieee s 60
Figure5.1 Schematic illustration of a bent, doublglamped beam..................ccoevvvviiinnnnnnld 65

Figure5.2 Membrane-based nanomechanical metamaterial for mechanical memaory.....67

Figure5.3 The piezoelectric chip used to drive the nanomechanical metamaterial......... 69
Figure5.4 Experimental setup for bistability measurements..............cccccceevvivvvivinnnennnee. 69
Figure5.5Finalized Norcada design for rectangular membrane windows...................... 70
Figure5.6 Silicon frame supporting rectangular silicon nitride memabes......................... 70
Figure5.7 Fabrication results on rectangular membrane Windows...........cccccoevvvvvveeennnn. 71

Figure5.8 Metamaterial based nanomechanical system for detection of nonlinear and bistable

(ST 00 01T TR PP TP 72
Figure5.9 Calibration procedure for optical property modulation measurements............ 73

Figure5.10 Nonlinearity and acoustically controlled bistability of light scattered by the

METAMATEIIAI DEAIMIS. . ... ettt et e e e e s 75

Figure5.11Impedance measurement of the piezoelectric element............ccccoooveeiinineens 76

viii



Table of Figures

Figure5.12Light modulation by metamaterial beamat different illumination power levels77

Figure5.13Optical control of the hysteresis CyCle...........ccuvveeiiiiiiiiieiie 78
Figure5.14Optically induced nanomechanical bistability...........cccccoooe i, 79
Figure5.15Back and forward scattered light hysteresis curves...........ccccccccvvvivvvvinnnnnne. 80

Figure5.16 Back scattered lightysteresis cycles obtained at different fixed acoustic

LLEET0 (01T o =T OO PP P PPPPPPPPPR 82

Figure5.17 Back scattered light hysteresis cycles obtainedffxed acoustic frequency of 2 MHz

and increasing laser modulation freqUENCY............cuviiiiiiii e 83
Figure5.18 Metamaterial array for bistability eperiments. ..o 84
Figure5.190ptical detection of the metamaterial array's mechanical resonances.......... 85

Figure5.20 Modulation of optical properties of the membranmetamaterial system under

(140 T= [=Tox 1 g [l | £V =TT PPP PSPPI 87

Figure5.21Nonlinear response and bistability of the membraraetamaterial system......88






List of Accompanying Materials
[A&d0 2F ! 0O02YLI yeAy3a al SN

The research data presented in this Thesis can be found as:

D. Papas (2021), Dataset féonlinear Sensing and Switching FunctionalitéNano
optomechanical Metamaterial£01:10.5258/SOTON/D2070

Xi






Researh Thesis: Declaration of Authorship
WSASEKDBDESDY | NB (IARIYK 2NA KA LI
Print name:Dimitrios Papas

Title of thesisNonlinear Sensing and Switching FunctionalitéNancoptomechanical Metamaterials

| declare that th$ thesis and the work presented in it are my own and has been generated by me

as the result of my own original research.
| confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this
University;

2. Where any part of tts thesis has previously been submitted for a degree or any other
gualification at this University or any other institution, this has been clearly stated;

3. Where | have consulted the published work of others, this is always clearly attributed,;

4. Where | havequoted from the work of others, the source is always given. With the exception
of suchquotations, this thesis is entirely my own work;

5. | have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others/d heade clear
exactly what was done by others and what | have contributed myself;

7. Parts of tis work have been published msirnal papers and conference contributions listed

in Appendix C.

S [0 7= (0 [ (= Date:21/3/2022

Xiii






Acknowledgements
l O1ly26f SRASYSylUa

First of alll would like to thank my supervisors, Professor Nikolay Zheludev, Dr. Eric Plum and Dr.
JuntYu Ou for their guidancand supportduring my studiesProf. Zheludev for giving me the
opportunity to workon such arexciting research topic and always pushing me to do better. Dr.
Plum for his constanunwaveringsupport and valuable insightsto many aspects of my research,

his advice really helped me in establishing a more critical thinking of my oru forhis training

fruitful discussionsand forteaching me everythingrow know about an optics lakHis expertise

was vital to the successful completion of my experiments.

| further acknowledge my collaborators and friends, Jinxiang Li and Tongjun Liu for our
collaborationand discussionsot only in the office and in the labs bdtringtrips andin the pubs

as well Ourexchanges of ideasere a huge motivation for me.

I would like to thank all the people of the Nanophotonics and Metamaterials groupdar
help during my studies anthe great timewe had during these four years. Particularly my
colleagues andriends, Apostolos Zdagkallao Liand Jie Xu. Moreover, | want to thank Dr.
OleksandBuchnev for training me in the use of focused ion beam millia¢gso want to thank all

the staff at the OR for their help. Mostly, Neflessiondor his cleanroom training and Glen Topley.

Finally, | would like to thank the people that supported meidgrmy stay in a foreign
country. First of all, my partner Maria for supporting me and putting up withspending long
hours in the lab or in front of my computer screen. Without her emotional support | would not have
made it this far. | analsogratefulto my family and particularly to my sister Sophia who made my

staying far from home much more joyous.

XV






Chapterl

Chapter 1
LYONRRdAzOUA2Z2Y

The study of light and its interaction with matter has revolutionized modern socidliesadays
photonic and optoelectronic technologiesnderpin an ever increasingijumber of technological
advancementsspanning numerous disciplines from telecommunications and medicine to
manufacturing and metrologySome of the most notable beingptical fibre telecommunicabns,

the basis ofthe Internet, and optical data storage that now form a part of everyday Mere
recently, advances in the fields of artificial intelligence and programmable photonics aim to
overcome limitations of current electrorséased technologis such as operational speed and

energy consumption.

In order for opics-based technologies to compete with their electronic counterparts
miniaturization and compactness of the devices is crucial. Advances in nanofabrication technologies
have made it possible to structure matter in the nanoscale which has led to the emergieields

such as optomechanicglasmonicaand metamaterials.

The field of metamaterials has greatly benefited from such advances. Initially studied in the
microwave regime, metamaterials quickly led to the demonstration of novel physical phenomena
that could not be attained by conventional optical media. Soon after, intensive research was
focused on scaling down dimensions to access the optical part of the spechNomadays,
metamaterials can be utilized to obtain a humber of functionalitesoss the kctromagnetic
spectrum ranging from simpler functions, such as intensity modulation, to more complex

operations of light manipulation e.peam steering, focusing.

Scaling down the dimensions of microelectromechanical systems (MEMS) has also led to the
emergence of nanoelectromechanical systems (NEMS) with geometric characteristics ranging from
few to hundreds of nanometres. This allows access to operational frequencies potentially in the
GHz range while providing very high quality factor resonamceks lov masses that are being

exploited for a number of sensing applications such as mass, temperature and force sensing.

Combination of mechanically tunable and resonant elements with optically resonant
structures such as photonic metamaterialEms to introdue structural tunability over

metamaterials andheir optical properties.
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1.1  Nanophotonic metamaterials

¢CKS GSNY aYSOlFYFGSNAIf a250 THRENVYAIRS ONBEINB2 NRI & SO2 .
turn of the millennium in order to describe the behaviour @fnew range of composited].

Metamaterials can be described as composite, artificial media exhibiting properties not found in

natural materials. While the electromagnetic properties of natural materials are derived from their

molecular structure, metantarial properties result from their structuring on a swavelength

scale. Thus, an artificial structure can be called a metamaterial as long as the dimensions of the unit

OSttx OFLftSR GKS aYSGl Y2t SOdzZ S¢€3 | NBhedtfid f € SNI G Ky
impinging electromagnetic wave interacts with a homogeneous effective medium for which

effective material properties can be determing2]. These can then be tailored by adjusting the
RAYSyaArzya IyR O2yadAidadzsSyldnglblicksNA | £ & 2F GKS YSGlF YI

In 1968 Victor Veselago was the first to theoretically describe a medium with simultaneously
negative values of permittivity and permeability> and showed that such a medium should have
a negative refractive indej3]. The first experimental demonstration of a metamaterial with
simultaneously negative and > was realized in 2000 for the microwave regifd¢ and negative
refraction was demonstratedxperimentallya year latef5]. These results along with the works of
Pendry on superlensing] and light bending7] through transformation optics sparkddtensive
metamaterial research and very quickly research focuzedlemonstrating such phenomena at

optical frequencies.

The splitring resonator (SRR) is perhaps thestmiconic metamolecule so far, owing to its
initial suggestion by Pendrf] and the subsequent experiméal realization in the micnvave
regimel[4, 5]. In its simplest form, it consists of a metallic ring structure with a(Gaqurel.1 (a)).

Such a structure acts as an LC circuit with the gap playing the role of the capacitor and the metallic
part forming the inductor(Figurel.1 (b)). Therefore, it acts as an LC oscillator with a resonance

frequency[2, 9]

1 pj 1D 6 (1.1)
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Figurel.1 The split ring resonatar(a) A spliring resonator metamoleculi?]. (b) Equivalent LC circy#]. (c,d) An SRR

array excited by a normally incident electromagnetic field with the electric field polarized (c) parallel and (d) perpendicul

to the gap[2]. (e) Experimentally measured transmission and reflection spet8&R arrays of different periodicity and

for both polarization directions. For light polarized parallel to the ring gap, an LC resonance appears in the spectra at a

gl St SYy3aiGK 2F | NRdzyR o>Yd 2 KSy (KS LI tsonhidkddisappei§]. RA NB O
The values of inductance and capacitance are determined by the geometric parameters.

When a planar array of such metamolecules is excited by a normally incident electromagnetic wave

with the electric field polarized parallel to thgap Figurel.l (c)), due to the asymmetry of the

structure, an asymmetric current mode is supported that gives rise to a magnetic dipole oriented

perpendicular to the metamaterial plane. In the case that the polarization is normal to the gap

(Figurel.1 (d)), symmetric currents are excited that give rise to an electric dipole (parallel to the

currents) but no magnetic dipole. This was experimentally demonstrated in 2004 by liinthen

IR part of the spectrurasing goledbased SRREiGurel.1 (e)).

The resonant response of such structures will depend on their material properties and
moreover, the resonant wavelength will scale with their diz@]. Theefore, miniaturization of
metamaterial structureseadsto resonant behaviouat shorter wavelengths, with nanostructures
having resonances iie optical part of the spectruniThe LC resonant approach works in tbe
frequency regime (below100 THzjvhere metals have very large permittivity and are considered
to be perfect electric conducta@|10]. However, at optical frequencigkeir finite conductivity has
to be taken into accountTherefore,the behaviour oimetallic sub-wavelength structuress more
precisely described by plasmons which are collective oscillations ofréleeelectrons of the
material Pasmonics has significantly impacted metamaterial research and vice kiewsaver, the
performance of plasmongbased metamaterials is dtlimited due to ohmic lossesf metalsand
heating Such effects can be negated hetuse of high index dielectmoetamaterialg11, 12]that

can provide larger quality factor resonangés].
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1.2  Reconfigurable nanophotonic metamaterials

A metamaterial i®ssentially a collection of optical resonatofs such, its functionality is usually
limited to a narrow area of the spectrum. In other words, the bandwidth of metamaterials is
normally limited due to the resonant nature of the metamolecul&d]. Therefae, introducing
tunability, in an otherwise narrowband metamaterial, can extend the operation range of the device

and offer the potential for dynamic control over light on the subvelength scale.

In generalthere are twomajorstrategies obbtainingatunablemetamaterialresponse One
isto change the parameters of the materials constituting the devibes changing its effective
electromagnetic responsé his is achieved by using other functional materials in conjunction with
the metamaterial arraysuch as phasehange materials and liquid crystalssually referred to as
hybrid metamaterialsThe second one i® structurally rearrange the metamolecule array, i.e.
change its initial geometric configuratisimce the optical responsgepends orcharacteristics such
asunit cell dimensions and spacing. Thipasticularly effectivdn coupled metamoleculeshere

the unit cell consists of more than oeéementin proximity.

121 Hybridization with functional materials

Initial work on tunable metamaterial&/as carried out in the microwave regime. Mainly,
integration of metamaterials with nonlinear electrical elements such as varactor diodes was used
to obtain atunable responsdy allowing tuning of individual metamoleculfi$b]. However such

an approach cald not be scaled down tthe optical spectral range

Hybridization of metamaterials with other fational materials such as phasbhange
materials[16-22] and liquid crystal§23-30] has been widely explored as they can provide switching
functionalitiesat optical frequenciesHeat, electrical or even optical signals can be used to initiate
phase transitions of materials such as Y05, 17]between different solid phasesnodifyingthe
overall optical response of thhybrid metamaterial structure (Figure1.2 (a)). GeShTe (GST)
chalcogenideglass, a material that has been widely used in optical disk storage applicdtams,
been used to demonstrate an all optically controlled, naratile and bidirectional metamaterial
[19] (Figurel.2 (b)). In 2016, Wangt al.demorstrated a platform for writingerasing and rewriting
of photonic structures with light demonstrating planar focusing devices, holograms and a dielectric
metamaterial [21] (Figure 1.2 (c)) while allchalcogenide nangratings have also been
demonstrated[22] (Figurel.2 (d)). Gallium[20] and Gallium Lanthanum Sulfide (G[1B)] based
switchable metamaterials have been proposeiwell(Figurel.2 (e)). The main advantage of using
phase change materials is that they can provide2alldi A OF f O2y GNRft 2@SNJ GKS

properties and norvolatile switching/memoryfunctionalities i.e. information is stored in the

4
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absence of input energy (signalloreover, switching can be fast, with response times in the

nanosecond rangg31].

Chalcogenide
layer:
Amorphous

Chalcogenide
Meta-switch

Crystalline

Kelvin
——300.93
—330.16
—337.37
—338.77
—339.29
—330.74
——340.30

Ge,Sb,Te,
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Glass substrate

|
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——34144
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Figure 1.2 Reconfigurable phase changdased metaméerials. (a) Temperature controlled, goldased SRR
metamaterial array fabricated on top of a ¥Yfdm operating in the neatR (top panel). Increase of temperature leads to
AKATFTGOA 2F GKS adNHzOG dzNB Q a[17Ndyllasyakioy 6F & nomvoldilg, diSpfically coat@ldi G 2 Y
chalcogenide based metamaterial isolh of nanoscale thickness.o@rol pulses are used to convert a thin layer of GST
back and forth between its amorphous and crystalline states modifying the tigagm and reflection of the structure
[19]. (c) lllustration of apparatus used for writing and erasiagous optical components, on a thin layer of GST using
femtosecond pulses. Lenses, diffractive elements and resonant metamaterials, can be writtedibying the refractive
index of the chalcogenide glagxl]. (d) Scanning electron microscofEM)image and crossection of a chalcogenide
based nanegrating fabricated on SiQvhere phase transitions in the GST layer, mediated by laser illuminatiamge

the spectral dispersion of the gratifig2]. (e) lllustration of a GLS based eleabmtic metamaterial switch on a 100 nm
thick silicon nitride membranEL8].

Similarly, hybridization with liquid crystals (LC) can allow electric control of metaaiate
properties sinceliquid crystals aresensitive to external fields and can provide large optical
anisotropy.Figurel.3 (a) illustrates an example of how liquid crystals can be incorporated in a
metamaterial based device to provide light modulation and switching functionglti§sHere, the
authors demonstreed a cell with a layer of nematic LC confined betweershaped metamaterial
and an indium tin oxide (ITO) layer. Application of voltage results in realignment of the LC molecules
which led to fivefold modulation of a transmitted 1550 nm laser beam fayl®% of applied voltage.
Similar schemes can be found[#6] and[27]. Moreover, metamaterials hybridized with LC have
been proposed as spatial light modulators (SLM) of subwavelength thickness, for wavefront
manipulation by modulating the phase of tremitted light[29, 30](Figurel.3 (b)). Compared with
phasechange metamaterials, they can be significasttywver since the response time tfpical

liquid crystals is in the millisecond ran@2].
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Figurel1.3 Reconfigurable, liquid crystabased metamaterials(a) lllustration outlining the design and operation of a

liquid crystal cell sandwicheaetween a planaplasmonicmetamaterial at the bottom and a transparent electrode on

top. The planar metamaterial plays the role of liquid crystal alignment layer, transparent electrode and polarizer at the

same time. On the left, the orientation of theyliid crystals is set by thep and bottom surfaces leading to optical

activity. On the right, the application of voltage leads to realignment of the LC so that the incident polarization is not

rotated, leading to reduced transmission through the metamaéstructure[25]. (b) The bp panel illustrates aybrid

spatial light modulator (SLMjased on two metasurfaces with a layer of LC between tHHm meandering pattern of

the metasurfaces results in spatially addressable electrodée. ttom panel shows simulation (solid lines) and
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1.2.2 Mechanically reconfigurable metamaterials

Reversible changes of the ligmatter interaction of mechanically reafigurable
metamaterialsresult from repositioning the metamolecules of the arrays, or their components,
with respect to each otheA number of tuning schemes have been developed, aiming at controlling
the spatial arrangementf the metanvoleculesat a sulwavelength levelln 2009 Lapinest al.
suggested amrray of parallel plates supporting split rings whéagerally displaimg every second
layer resulted inshifts of itstransmissionresonance based on the degree of displacemamd
demonstrated this irthe microwave regimg¢33]. However, with scaling down of the dimensions
control over the spatial arrangement of metamolecules becomes increasingly challengingore

sophisticated solutions are needed

Since the response of a metamaterial dependsgeometric characteristics such unit cell
dimensions ad spacing, perhaps the most straightforwardute to obtain tunable optical
propertiesin the IR andsisiblepart of the spectrumis through the use oftretchablesubstrates
(Figure 1.4). In [34] the authors demonstratedthe first mechanically reconfigurable optical
metamaterial. They fabricatealtunablemetamaterial basedn variougplasmonicsplit ring designs

supported by flexible PDMS substrateperating in the IR part of the spectrumhere straining of
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1.4 (a)). A similar work was reported {85] based on an array of botie metamoleculesupported
by a flexible substratéigurel.4 (b)). More recently, in36] the authors demonstrated dielectric
metasurfaces embedded mPDMSmatrix operatingat visible wavelength@-igurel.4 (c)) and a
stretchable plasmonic metasurface operating as a tunable flat lens at 632 nm has also been realized
[37] (Figurel.4 (d)). However, the responsef such structures is usually slow and dictated by the

elastic properties of the supporting polymer.
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Figure 1.4 Stretchable metamaterials (a) Gold based metamolecules consisting of a split ring and a horizontal bar
supported by a PDMS substrate priorand after stretching (top panelgvironmental scanning electron microscopy
images of the structure before (blue) and after stretching (rettere the gap between the split ring and the bar has
increased(bottom panel) (b) Flexible substrate supporting a béie array of gold metamolecustop panel)and SEM
image of the plasmonic botie array(bottom panel)[35]. (c) SEMimage of cylindrical Tiielectric resonatorggreen)

with a diameter ® 190 nm and thickness of 102 nembedded iran elastomeric matrixblue) (left panel). Transission
spectra of the dielectric metasurface with increasing applied strain for light polarized perpendicular (central panel) and
parallel (right panel) to the direction of the applied strg86]. (d) lllustration of a tunable plasmonic metasurface cdimgis

of gold nanorods with width of 100 nm, height of 70 nm and different orientation angle modifying the wavefront of
transmitted light (left panel)Longitudinal profiles of the transmitted beam for, 100% (unstretched structure), 115% and
130% stretch rdos (right panel) The focal length, f increases from 5@ up to 250>m [37].
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A promising route of obtainingnechanicallyreconfigurableoptical properties of nanoscale
metamaterials is their integration with  microelectromechanical (MEMS) and
nanoelectromechanical (NEMS) systenis. fabricate such structures|tra-thin, free-standing
dielectric or semiconducting membranes have been widely used due to their high meahanic
quality factor and commercial availability. They can support metallic or dielectric films deposited
on top and can be patterned to form fre#anding metamolecules or strips of them that can be

actuated by external stimu[21].

External control overndividual metamolecules, or strips of them can be facilitated by
harnessing a number of physical phenomena at the nanosEaleinstance, @king advantage of
the different thermal expansion coefficients of different constituting materials, heat actuation
nanomembranebased nanomechanical metamaterials can be achieved. Tao et al. reported the first
mechanically reconfigurable metamaterial operating in the terahertz reg[B88. This was
fabricated out of a bilayer silicon nitrid€sNa)/gold (Au)membrane forming an array of cantilever
supported split ring resonators thaicreasinghdeformedwith rapid thermal annealin¢Figurel.5
(a)). In the optical part of the spectrum, Ou et al. demonstrated a thermally actuated metamaterial
consisting of silicon nitride/gold bridg¢39]. In their design every second bridge of the array can
be deformed when heated due to differential heating exgans leading to modulated optical
properties of the arrayFigurel.5 (b)). More recent works on thermally actuated metamaterials
report further functionalization of the structures witinaterials such ashapememory alloyg440]
andmechanochromithin films[41]. In[40] Nagasaki et al. used gold covered nidikehium (NiTi)
alloy nanowires supported by silicon nitride beamkere heating and cooling of the device,
resulted in a hysteretic transition between two solid phases of tH&i alloy demonstratinga
rewritable memory functionalityfFigurel.5 (c)). Karvounis et aJtaking advantage of differential
thermal expansion of different materials, demonstrated a mechanochromic reconfigurable
metamaterial where straifinduced refractive index changes of a thin molybdenum disulphide
(MoS) layer on top of the structure resulted in more than 1%0relative transmission change for a
strain level of 2%Figurel.5 (d)) [41]. However, the reaction time of such structures will depend
on their conductive cooling timescaleisually at tens of microsecondsjt more importantly, the
rate at which the ambientemperature can be changd@1]. Tuning through resistive heating as
demonstrated in[42] can result in faster response time®wn to 10 >s dictated only by the

conductive cooling of the nanostructure.
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Figurel.5 Thermally actuated nanomechanical metamaterialéa) Thermally actuated terahertz metamater{@g]. (b)

The eft panel llustratesthe working principle of a thermally reconfigurable nanomechanical metamaterial. Théwsguc
consists of alternating bridges consisting N, (blueyYAu (yellow) (reconfigurable beamsand AuSgNs/Au (non
reconfigurable beams). Due to the larger thermal expansion coefficient of gold, the reconfigurable beams bend upon
heating and cooling of the device resulting in modulated optical properties.ight panel showsmSEMimage of the
fabricated freestanding metamaterigl39]. (c) Shape memory nanomechanicaktamaterial For a given temperature

the structure supports two stable mechanical configurations depending on the phase of the NiThalbgnsite or
austenite phase). Trenches cut at théges of every second beam (seght panel) allowfor increased deformation upon
temperature variationsOK | y3Ay 3 G KS &G NHzO (i dan5S(0 SSEMLInagd ¥ 2ayakh@nochi@icll? v & -
reconfigurable nanomechanical metamateri@nsistingof 22 >m long,400 nm wide (W)90 nm thick(h;) SENs beams
supporting 60 nn{hz) of molybdenum oxide (Mo§) with a thin layer of 6 nm of Me®n top. P: 500 nm, gap between
beams, g: 100 nm (left paneBtrain induced in the beams upon cooling of the nanostructeaes to deformation due
to alarge thermal expansion mismatch betweegNgand MoQ. (right panel)This deformation leads t@stressinduced
modification of the Mot | @ SN a 2 LIGMAMPF £ LINRPLISNI A Sa o

The reduced physical dimensions of such membiaaged metamaterial systems also leads
to increased electromagnetic interactions between the constituent elements that can overcome

the elastic response of the supporting membraf#l]. Therefore, electrostat, magnetic and

9
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optical forces can be harnessed to provide control gyews of) metamolecules providing faster

switchingrates of up tchundreds of MHz.

Electrostatic and magnetic actuation can be realized by engaging the Coulomb and Lorentz
force, resgctively. Electreoptic modulation through field induced displacements can be realized
by voltage application across the constituent beams of a metamaterial array. Attractive or repulsive
Coulomb forces between neighbouring beams cause beam displacenfeitghange the field
distribution around the metamolecules. Similarly, a magrelectro-optical effect can be observed
in the presence o magnetic field, whereurrentbearingnanowires are subject to the Lorentz
force that can be used for owbf-plane displacement of the metamateridbeams The first
electrostatically actuated membranebased optical nanomechanical metamaterial was
demonstrated by Ou et aJ43] (Figurel.6 (a)). Their structure consisted of alternating wire and
meander patterns fabricated from a gold covered silicon nitride memhravtere beamswith
tapered ends allow for increased flexibilityBy applying voltage across the device terminals
attractive Coulomb forces arising from opposite charges in the wires modifiednttial gap
separating them (125 npin the OFF stajethus tuning the plasmonic response and achieving up
to 8% relative reflection change at wavelengths around500 nm. Similary, deformation of
dielectric metamaterial beams has been demonstrated via the phenomenon of electrostriction i.e.
the deformation of dielectric materials under the application of an electric {#dd seeFigurel.6
(b). Static, inplane deformation of thenetamaterialbeams led @ 7% relative transmission change
around 1500 nm for an applied voltage of/@lts. Moreover, dynamic modulation ohe applied
field, leading to ifplane oscillations of the beam structures, reached 3.BeP4tive transmission
modulationat a frequency of 6 MHz and 500 mV driving amplitudleissue with irplane motion
outlined in both aforementioned works is the irreversible switching that occurs when the beams
get too close For large enough bias, the attractive electrostatic forces overcome the elastic
restoring force the gap between adjacent nanostructures closes and rensondue to van der
Waals forcesThis results in profound but irreversible changes of the structrpsical properties,
see right panel ofFigure 1.6 (b). Magnetic actuation of similarly designed nanomechanical
structurescan be used to induceut-of-plane displacementof the metamaterial nanwires by
engaging the Lorentz ford&igurel.6 (c)). In their works[42, 45] Valente et al. used a plasmonic
nanomechanical metamateridbased orV-shaped nanowires cut from a getwatedsilicon nitride

membraneof 100 nm thicknessCurrents flowing through every second nanowire modulate the
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Figurel.6 Electric and magnetic control of nanomechanical metamateridlsft panel SEMmage of the electrostatically
actuated plasmonicmetamaterial reported by Ou et allhe hset shows oppositely charged nanowires giving rise to
attractive Coulomb forces (shown as green arrows). Right panel: Unit cell and simulatéisfidddition of the structure
when it is in the OF@® V of applied voltagegnd ON states for incidetight of 1600 nmwavelengthpolarized parallel to
the nanowires[43]. (b) Left panel: SEM images and schematic of a dielectric nanomechanical metamaterial controlled
through electrostriction. It consists of silicon (Si)/ indium tin oxide (ITO) bilayer beams of alternatingRviBi0 nm,
h1:100 nm, h:70 nm, w:200nm, w: 300 nm, d:100 nm, d:200 nm.Right panel: Relative transmission changehef
structure for differentapplied voltagdor light polarized parallel to the beaniEhe dashed line corresponds to the optical
response of the structuréscaledvertically) when the metamaterial beams are irreversiblyaittogether, past 3 VThe
inset shows the transmission of the structure around its resonance for 0 V and 2 V of &pgdidd]. (c) Left panel: SEM
image of aplasmonicnanomechanical metamaterial actiet by the Lorentz force. Right panel: Joule heatinthen
conducting nanowiresinduced by current flow, leads to differential thermal expansion anditial out-of-plane
deformation of the nanowiresApplication ofa magnetic fieldyives rise tahe Lorenz forcethat leads to displacement
of the nanowireperpendicularto the appliedfield [45].

expansion. In the presence of a magnetic figtik initial thermal displacement can be enhanced
or suppressed due to the Lorentz force. Using static magnetic field they demonstrated 25 % relative

transmission change for an applied magnetic field of 130 mT and a constant 4 mA ¢42ieand
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while applying alternatingurrents they achieved up to 2.5 % transmission modulation depth of a

1550 nm laser beam around 200 kidedulation frequency45].

Low mass systems employed in nanophotonic structures can be driven by optical fidéces
47]. Therefore, the combination afianophotonic and nanomechanical systems can provide all
optical operation and control. Indeed, light driven nanomechanical structures have been used to
demonstrate functionalities sucksoptical control of optomechanical filte{48], optomechanically
induced bistability{49, 50]and to perform logic functions in photonic circuj&l]. Additionally,in
a more recent developmenit was demonstrated thabptical forcesgenerated from illumination
of nanoantenna arraygan be the driving forcéor linear and rotationalmotion of microscale
objects[52]. Metamaterials are an ideal candidate to explore and exploit optaraes due to the
strong field strengthghat canarise from high field confinemenZhao et al. presented an early
theoretical sudy of optical forces in plasmonic nanorods arrgh3] while Zhang et aberformed
similar studies based on asymmetric dielectric rods arguing that the magnitude of optical forces in
dielectric structures can be an order of magnitude larger than impbssiconesdue tolower Joule
losses and higher quality factor optical responsg54, 55] The first demonstration of a
nanomechanical reconfigurable metamaterial driven by optical forces was provided by Ou et al.
[56], based ora plasmoni¢ -shapedmetamolkecule arraywell studied for its Fantesonance$s7-
60], supported by freestanding silicon nitride beam#As seen ithe left panel ofFigurel.7 (a),the
structure consisted of two types of silicon nitride beams of alternating widths, supporting different
parts of the optical resonatordn their experiment, a 1550 nrmpump laser wasused to drive
mechanical oscillationsfdhe system at its mechanicatsonarce frequencies while a 1310 nm
probe laserbeamwas used to detect the modulated transmission of the structuféeir results
showed increasing transmission modulation as a functbthe pump optical powerachieving
modulation depths of the order of 1 & mechanical frequencies of around 1 Miftr submilliwatt
pump power levelgFigurel.7 (a), right panel)Much higher operational mechanical frequencies
were demonstrated imano-cantilever,dielectric metamaterial®y Karvounis et 461] (Figurel.7
(b)). Their structure was fabricated out of a 100 nm thick, fstending polycrystallinesilicon
membraneand a 1550 nm modulated laser beam was used to excite the fundamestdlation

mode of the nanecantilevers at mechanical frequencies of around 150 MHe. transmission of
the structure was probed at 1310 rwhere a maximum modulation of 0.2 % was recor{Egure

1.7 (b), right panel)It should be noted thathte achievable modulation amplitude of such structures

will be limited by the optical damage threshold of the constituting materials
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Figure 1.7 Optically reconfigurable nanomechanical metamaterialg¢a) Left panel: llustration of a plasmonic
nanomechanical metamaterial whesdternating narrow and widsilicon nitride beams support an array fofshaped,
gold metamolecules. A 1550 nm modulated pump laser beam (red) excites the mechanical resonances of the structure
changing its plasmonic response and a 1310 nm probe beam (green) detects the modulated transmission through the
structure. Right pael: Measured transmission modulation depth as a functiopuwhp lasemodulation frequency for
different powerlevels Insets showsimulation resultof the first outof-plane and inplane mechanical eigenmodesf
the two types of beam§s6]. (b) Left pand: SEMimage of an altielectric nanomechanical metamaterial. Central panel
Smulated transmission of the structure for different tilt angles of the cantildva&sed unit cellThe dashed line indicates
the probe wavelength of 1310 nnRight pael: Measured transmission modulation depth as a function of pump laser
modulation frequency for three different intensity levelBhe hset shows the fundamental owf-plane mechanical
mode of a nanecantilever unit celaccording to numerical modellirig1].

As illustratedby the above examplesiyanomechanicainetamaterials can provida range of
tuning solutions. Apart from light modulation functionalities discussed here, tunable
nanomechanical metamaterials have been used to demonstrate several offemtse such as
birefringence[62], polarization[63] and colour[64] modulation, as well as dynamic lensifgp]

among others.

A further advantage of such metamaterials is that they can be fabricated to prowidenly
homogeneous, tunable response oube entirety of the surface, butlso to provide control over
individual metamolecules, or groups of thgf6]. This concepbf addressable metamaterialsas
initially introduced ina socalledoptofluidic metamateria[67] i.e. a metamaterial combined whit
cavities that can be filled with liquid metal. In nhanomechanical metamaterials, this principle is
illustrated in the work ofCencilleAbad et al. where they demonstrated atectrothermally driven

nanomechanical metamateriabntrolled byl3 electrodesand contact pads that allowed tuning of
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individual metamaterial nanowiref68] (Figurel.8 (a)) As suggestedy the same authors, such
level of position control can provide tunable gratings and lenses all on the same {(&SjcAn
optically reconfigurable addressable metamaterialsdemonstratedby Ou et al[70] (Figurel.8

(b)). It was based on thie-shaped plasmonic metamaterial arregported in their earlier works6],

the difference being that the nanomechanical beams supporting the plasmonic resonators had
varying length. Since the mechanical eigenfrequency of a beam structure has an inverse
dependence on the square of its lengthisresults ina spatially addressablgructure that can be

actuated selectivelpy varying the modulation frequency of the pump laser beam.

Figure1.8 Nanomechanical addressable metamaterialg) SEMimage of araddressable, electthermally controlled

nanomechanical metamateridhbricated from a gold covered silicon nitride membrd68]. (b) Falsecoloured SEM
image of aroptically addressable nanomechanical metamateiiRad: silicon nitride, yellow: gald@he nset shows an
SEM image ahe metamaterial unit cell70].

1.3  Optical detection of thermal motion

Nano and optomechanicoffer high sensitivityfor opticaldetection of displacements, masses or
forces through motionin their simplest formsuch systemsonsistof a FabryPerot type cavity in
which a mechanical elememtanbe introduced, ér instance, a thin membrang1] or a carbon
nanotube[72] placed insidahe cavity. Other cavity based examplesan be found irintegrated
photonic systemswhere the optomechanical part of the system can take the formh disk
microresonators cavitie$47] or photonic crystalg73]. Another implementation is the use of
deformable waveguideas can be found ifi’4] where the thermal motion of two freestanding
endto-end couped waveguides in close proximity, modulates thght transmitted through the

circuit

Similar optomechanical systems can also be fabricated in freestanding membimes
example, Thijssen et al. demonstrated a plasmonic nanomechanical system coristiogree-
standing, golecovered silicon nitride beams in close proximity to optically transduce their thermal
motion [75] (Figurel.9 (a)). Optical illumination of the structure with light polarized parallel to the

beams resulted in the generation of meiakulatormetal (MIM) plasmons in the gap separating
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the beams,which is highly dependent on the gap widti®ptical ecitation of the structure and
measurement of the thermomechanical signal was performed in a simple microsoafiguration
(Figure 1.9 (b)). By monitoring the transmission through the structure they were able to detect
several of itanechanical mode§~igurel.9 (c))and report a displacement sensitivity of the order
of tens offm/Hz*2. Similar works by the same authors can be foun{Zsj and[77]. Contrary to
integrated optomechanical systems thaquire complex fabrication procedures, sutlembrane
basedsystems can be formed with a oistep focused ion bear(FIB)milling process following a
metal deposition procedureA further advantage is that the method is based on fspace coupling

only.
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Figure 1.9 Detection of thermal motionof a plasmonic nanomechanical systerfa) SEM imagef two free-standing,
gold covered silicon nitride beams fabricated via focused ion beam milling. Theegapeb the beams is 25 nm. (b)
Schematic of the xperimental setup for detection of thermal motioof the plasmonic, nanomechanical systefn)
Thermomechanical spectrum recorded by a spectrum analyser where four mechanical modes are détsetedfirie
elementmethod simulations of the respective mod€g35]

The use of fresstanding string or beam structures is of great interest for sensing applications.
For instance, string resonators are well known to be extremely sensitive to temperature variations
[78] and therefore pose an ideal structure to detect sudtarges by monitoring their natural
frequencies. Silicon nitride membranes are widely used for fabrication of such structures due to
their availability andhe high quality factors they offe2D materialsare also favoured since they
can offer large sensitvities dueto their exceptionally low masg9, 80] However, the optical
detection instrumentation in such applicationsusuallybased on interferometric or vibrometric

techniques that offer great displacement sensitivityt are limited by diffractionTherefore, free
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standing, membrandased optomechanical systems for motion transduction can lead to further

miniaturization of sensing devices.

Nanomechanical metamaterialsased on freestanding membrane substrates are ideally
suited for detectinghe thermal motion of their components since their electromagnetic response
depends on the relative positioning of their metamolecules. Therefore, they can not only provide
light modulation capabilities but could also serve as sensing elemdioizover, identiication of
the natural resonances of such complex mechanical systerosgh their thermal motiorwould
be beneficial for a complete mechanical characterizationthadir constituent elements, for

instance fabrication inconsistencies or stress variations could be readily identified.

1.4 Thesis overview

To summarize, nanomechanical metamaterials are a promisiatfopm for light modulation
applications.Severaltuning schemes have been developed over the yednsing at providing
increasing control over their mechanical response, howgaemore thorough study of their
mechanical properties is still lacking. This thesis aims to fill this gap by demonstrating that such
metamaterials are ideally suited to transtkthe thermal motionof their mechanicatomponents
into fluctuations of theiroptical properties allowing identification of the mechanical frequencies
at which they can be efficiently drivetMoreover, it isdemonstratedthat their mechanical
resonancesan be tuned by light illuminationThis introduces further sensirfgnctionalitiesand
expands their operation regimédditionally a novel and simple mechanical excitation scheme is
introduced based on a piezoelectric element that can allow dynangécadipn of nanomechanical
metamaterials in the nonlinear regimehere mechanical bistability of the system is translated to

bistability of its optical progrties. These findings are oagized inthe nextfive chapters.

Chapter 2providestheoretical background m beam mechanicsand thermomechanical
motion of a resonatarThe EuleBernouli beam model is introducednd the eigenfrequencies of
a doublyclamped beameasonator are derivedtogether withthe effects of tensilestresson the
resonator Thermal motion in nanomechanical structures is then describedhbyuse of the
equipartition theoremand the procedure by which the amplitude of thermally driven motion ca

be calculated is presented

Chapter 3deals with the detection of thermal motion of a plasmonic nanomechanical
metamaterial. The experimental setup used in this work is introductedjether with the basic
metamaterial desigrand fabrication techniquessed througlout this Thesis.It is experimentally
demonstrated thatthe thermal motionof a plasmoniey S I Y I G S NA | felordenty1&dsK | y A OF f

to fluctuations of its eflectivity, allowing identification of its mechanical resonanckéss shown
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that the mechanical resonances supported by the metamaterial system are largely dependent on

the tensile stress present in the beam elen®n

Chapter 4proposesoptical heating as a means of controlling the natural oscillation
frequencies of nanomechanical metamateridisis shown that in a plasnmic nanomechanical
metamaterial system consisting of twadoubly-clamped beams, continous tuning of laser
illumination power resultsn continuoustuning of the naturaloscillationfrequenciesof the beams
through stress modulationThis constitutes a type of nanomechanical bolometethwoptical
readout. This is also demonstrated in an addressable metamaterial structure that supports many

mechanical resonancésading toan extended operatioal range of the device.

In Chapter 5the nonlinear operational regime of nanomecheali metamaterials when
driven by a piezoelectric element is examin&d.do so, a new design of fretanding silicon nitde
membranes was introduced that allows clampindled metamaterial beams directly on the silicon
frame of the supporting chipt is shown that nonlinear excitations of the metamaterial beams lead
to abistable response of the structure at its mechaticesonances depending on the direction of
frequency excitation. Optically induced stress modulation in the structure allows optical control of
the bistable response enabling switching between mechanical states with just:aVieef optical

power.

Lastly a summary of thisThesis is presenteth Chapter 6 together with possble future

research directions.
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Chapter 2
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A wide variety of geometries and configurations of nanomechanical structamede utilized in
optomechanical systems. The simplest and most widely used are membranes, castit@ans

and stringsFreestanding thin dielectricmembranes are commercially available and can be easily
patterned to form freestandingcantilevers orbeams Apart from ease of fabrication, a further
advantage of such ideal structures is that analytical models can be readily used to examine the
effects of material parametar YR IS2YS{INE 2y GKS &adNHzOG dzZNB Qa

The nanomechanical metameials studied in this Thesis consist of doutigmped beams
formed out of thin, freestanding silicon nitride membranes. Therefore, this chapter starts by
introducing the EuleBernouli beam model which is then used to derive the eigenfrequencies of
the mechanical modes of doubllamped beams. Additionally, the effect whsile stress on a
beam resonator is examinelext, a typical design of a nanomechanical metamaterial is introduced
in Sction 2.2 This essentially consists of two beam resonators with fixed ends that together
support an array of optical resonatorghe eigenfrequencies of various mechanical modes of the
metamaterial stucture are calculated from mechanical simulatiofmally,in Sction2.3, thermal
motion in nanomechanical structures is discusdé¢dnoscale structures with picagm scale mass
are expected to undergo thermal oscillations at their mechanical resonances due to thermal forces
acting on them.The theoreticaly expected amplitude of motion of a resonator at a given
temperatureisderivedbased on the equipartition theem and the procedure by which the motion
of a nanomechanical structure can be calibrated frompitsver spectral density spectruns
detailed.This last part forms the basis on which the analysis of the experimental results presented

in Chapter 3s perfamed.

2.1 The EulesBernodli beam model

TheEulerBernouli beam models used to model the bending behaviour of slender beéetso of
length to thicknes®f more than ten 0/°> 10) under the assumption that the beam has no shear
deformation and rotational inertia. Theripllowing [78], for a beam composed of linear elastic
material and constantrosssection along its lengthts equation of motion will be given biye
differential equation

Ll o 10

2.1
5 ST Tt (2.1)
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where, ” is the density of the materiak) is the crosssection areaQisti KS YI G SNA I f Qa
modulus, Qs the geometric moment of inertiand 6 ofd isthe displacementlts solution can be

separated into a position and timgependent term

6 ofo Y owél O (2.2)

where ¢ is the vibrational mode number st KS & ( Milg@arfoaiEn@yaof motion and

"Y @ is its displacement function that has a general solution of the form

Yo O0fio Of R OOER @ Qi W o (2.3

where! is the wavenumber. The first two terms of the above equation describe standing waves
in the beam and the last two terms represent the effects of clamgifg ( KS 0 Ehutioda Sy Ra @

(2.1) then becomes

"® oo ©Of06ad M (2.4)

Solving for gives theangular eigenfrequencies

1 f P (2.5)

2.1.1 Mechanical resonancesf doubly-clamped beams

The boundary conditions for a beam that is fixed at both ends (declalyped beam)as inFigure

2.1, are

Yn mh YO mh

Tt (2.6)

In other words, the beam ends experience zero displacement and bending.

Figure2.1 Schematic illustration of ainiform, doubly-clamped beam 0: Length of the beaniQ thickness of the beam.

Equations (2.3) and (2.6) result in a system of equations
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P n P s 0 T
no.o..P L ® m 2.7)
i Q0 weEN O | @W 0 wed 0 T '
WEN O 1 QE0 Q&Y 0 i@ 0 Q i
Setting the determinant to zero gives
WEN O e O p ™ (2.8)

which can be used to determirie . Setting_ T 0, foré =1, 2, 3¢ o _ takes the values
4.7300, 7.8532, 10.9956¢¢ p “] ¢ respectively[78]. Theangulareigenfrequency of a

doubly-clamped beam can now be written as

(2.9)

c:=|II

For a beam with rectangular cressction the moment of inertia 0 0'Qj p ¢ where'Qis the

thickness of the bearandd 0 "Q where0 is the width. fuation(2.9)then becomes

o
pe

1 —Q (2.10
0
For the first vibrational modet(= 1)and since ¢" "@he eigenfrequency is given by
0 0
Q pdre- & (2.11)

Equation (2.1} gives the eigenfrequency of the fundamental vibrational mode intttigkness
direction i.e. in the oubf-plane direction. Substituting the beam thickng€Bwith the width of the

beam 0 hgives the eigenfrequency of thedt in-plane vibrational mode.

2.1.2 Mechanical resonancesf doubly-clamped beams under tensile stress

The simple case describéal the previous sectiomssumes that there is no stress in the beam.
However, thin films and membranes used in beam fabrication are usuaHlgtmesed either as a
consequence of their fabrication procedure or by deslgriree-standingmembranedor instance,
high stresds favoured as it enhances tlgiality factorof their mechanical resonanceb beam

structures, increase of tensile stress leads to higher resonance frequencies.

Following[78] the presence of tensile stregsin a beam results in an additional restoring

forceb , Owhich modifies equation (2.1) resulting in
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6 ofo 6 oo 6 oo
G LY N 52 s (2.12)
T0 Tw Tw

Solving this equation results in the dispersion relation

00 00 b
1 —3 el T o= P

- - 2.13
0 010 (2.13)

which is Equation 2.5 multiplied by a term that increases with stress.

Again,as for the unstressed begrtaking thefirst vibrational mode { = 1) and ¢ "@e can

write

(2.14)

Q p8IGL,)— — P

Therefore, the eigenfrequency of a stressed beam is the eigenfrequency of the beam under zero

stress multiplied by the termp - This shows tha&n increase of tensile stress in a beam

will increase its resonance frequendyherefore, tuningf the internal stress in a nanomechanical

structure can provide tunable frequency response.

2.2  Mechanical analysis of metamaterial beams

The metamaterial structures studied in this Thesis consist of silicon nitride beams supporting gold
based metamoleculesSuch structures have varying cresction and therefore, finite element
modelling (FEM) is used to calculate their mechanical resonances. We use COMSOL Multiphysics
(version 5.3ajo simulate the mechanics of the metamaterial structures. The materiarpaters

used in modelling can be foundTrable2.1 and were obtained froni81].

A comparison between the analytical formulas and simulations can be performed for the
simple case of a uniform beawith clamped edge<Considering ailicon nitrde beamwith length
0=15.8>m, thicknes$(x 50 nmwidth 0 = 150 nm, 2 dzy 3 Q & OYZBRGREddraity” = 3100
kg/m® and using Equation (2.)we can calculate its mechanical eigenfrequencies analytiadly
the first outof-plane and inplanemodes we find 1.88%1Hz and5.667 MHz respectivelyThese
values are in good agreement with those obted from FEM modelling, 1.886 MHz and 5.684z

respectively.

Using finite element modellingweant t 82 &AYdz F 6S GKS adNHzOUGdzZNBQa

in the presence of tensile stresBo do so, tensile stress is added along the length of the beam and
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the eigenvalue problem is solved for every input stress valiés is illustrated ifrigure2.2 for
stress values ranging from 0 to 100 MRateps of 5 MPaComparing the simulation results with
the analytical solution provided by Equation @.1t can be seen that for the owdf-plane mode

the simulated eigenfrequencies at stressdmve 30 MPa arenderestimatedln wntrast, there is
good agreement between simulated and analyt®alutions for the irplane mode p to 100 MPa.

This has been attributed tthe number of mesh elements in the bending direct[82]. Since the
thickness of the structure is three times smaller than its width, the number of mesh elements in
the thickness direction is three times lowélrhese results indicat¢hat by modelling the more
complex geometry of metamaterial beams at low stresses we can obtain the -siependent

eigenfrequencies of thefundamental mode. This will be examinkdther in Chapter 4.

Table2.1 Mechanical properties osilicon nitride and gold

Material ,2dzy3Qa Density ¢) t2Aaaz2ym
Silicon nitride (SNs) 260 GPa 3100 kg/n? 0.23
Gold (Au) 77 GPa 19300 kg/nd 0.44
@ 10 : : : : ®) 10 ‘
e Simulation « Simulation
- 94 —— Analytical solution 1 - 9 —— Analytical solution 1
T 8l ] N
£ £
z 1 1 >
§ 6 — ¢ §
g 5 — : g
w34 2 [}
2] 14’/ ]
y
1 ; ; : : 1 ‘ ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Stress (MPa) Stress (MPa)

Figure2.2 Stress dependence of mechanical eigenfrequencigechanical eigenfrequencies ofl%®.8>m longsilicon
nitride beam as a function of its tensile stress for the (a) firstaftlane and (b) first iplane mode. Blackots are
values obtained from simulations. Red lines are analytical soluiased on Equation (24). Insets showhe simulated
mechanical modes.

The metamaterial structures used in this Thesiskaged on the plasmon]jc-shaped design
introduced in[56]. An illustration of sucha structure can be seen iRigure2.3. The simulated
structure consists of two silicon nitride beams, a nareowne witha width of 230 nm and a wider
one with a width of 280 nm. Both beams have a thickness of 50 nm and each one supports a
different part of an array of gold metamoleculésat are also 50 nm thickThe narrow beam
supports a row of horizontal gold bars, 35 nn length with a periodicity of 800 nm. The wide

beam supprts a row of vertical gold barairs, also with a periodicity of 800 nm. Each pair consists
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of two bars, 110 nm iwidth, separated by 185 nnThe total lengttof the beamds 14.43>m and
together they support 14 metamaterial unit cell§he outer part of the beams is left unstructare
and the edges are fixed@'he simulation results for the first six mechanical modesefdtructure
can be seen ifrigure2.4. The fundamental (firsbrder out-of-plane) mechanical modes of the
structure can be found at 1.7 MHz and 1.87 MHBae to different gold coverage the two beams
have slightly diffeznt medanical eigenfrequencie3he larger gold coverage of the narrow beam

results ina lower eigenfrequency.

14.43>m

800 nm

H X m
1IN EIN

11.2>m

110 nm

I 280 nm -

Figure2.3 Schematic representation of the simulated nanomechanical metamatebeams

Narrower beam Wider beam

1.70 MHz

1storder outof-plane

5.80 MHz

8.16 MHz

1storderin-plane

2nd order outof-plane

Figure2.4 Simulated mechanical modesf the nanomechanical metamaterial beams
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2.3 Thermal motion in nanomechanical structures

The displacement of a simple oxdénensional resonatocan be expressed as

o oo o o a oY w (2.19

where™Y ® is the vibrational mode shape ad ¢ is determined from mapping each mechanical

mode to a damped harmonic oscillatdescribed by83]

& & & ra & 1 & 0o (2.16)

Here,&@ s the effective mass of th&tructure;) ¢“‘'Q Qja is the natural angular

frequency of oscillatioriQis the natural frequency an@ isthe spring constant.The resonance

quality factoris 0 Q .

The majority of nanmechanicametamaterials e constructed from cantileversr doubly-
clamped beam structuresf microscopic length and nasoalecrosssection.Such structures are
subjects to thermal forces giving rise to their thermal motion. This thermal mdsodriven
internally, by momentum transfer resulting from the annihilation and creation of phonons in the
mode. Nancstructuressuch as beams and cantilevers can be modelled as damped mechanical

oscillatorsdriven by aime dependentthermal forceO

& G & ra &1 & 00 (2.17)

The thermal energy ad strudure can be related to its timaveraged motion ttough the
equipartition theorem according to whigkevery degree of freedom that contributes a quadratic
term to the total energy of the structure will have an average energy equ@ ty ¢ [83] with 'Q

being the Boltzmann constant afitthe temperature The mean energ§O0bf an oscillator is given

by
o0 —a o Qao (2.18)

and according to the equipartition theoremve can write[83, 84]

Pe o Powo Pa 1 awo Bavy (2.19)
C C C C

From here the theoretical roemmeansquared(RMS)amplitude of a resonatd® motion can be

calculated as
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—_— QY QY
o O 2.2
| @ & i oo (2.20
2.3.1 Power spectral density
lye YSGK2R dzaSR (2 RSGSO0G I MBm@sghalistdiBss Y2GA 2y |

voltage that, in the frequency domain, provides a spectplesentation of its motion. The square
of that signal divided by the resolution bandwidth of the instrument gives the power spectral
density(PSD);Y 1 ,of the signalFollowing83],aNB & 2 y I (i 2stliré amplifutieybf motion

is related to its PSD as

@ 00 c% Y1 (2.21)

Taking the Fourier transform hof Equation (2.1Yyields

46 .1 .00 (2.22

where..] isthe frequency response function

ao p
S . . 2.2
. 00 a 7 1 Qn jo (223

Then the spectral densities of meaguare amplitude and force are related through the transfer

functions..] S

"Y1 s.] sY (2.24)

Combining Equations 1), (2.23), (2.2%and since’Y 1 is a constant thermal force noise

Y] "Y , we can write for the meaisquare amplitude of motion
A7 Y O
& 00 — P —— Q] , (2.25)
¢‘a 1 1 11 1V T
Combining with the equipartition theorem (21yields
QY 6
Y Y* (2.29
0
Then the PSD of the resonator can be written in terms of angular frequermrsy
_[’?‘Q -
Yo LA (2.27
a v ] 1 11 JvU

And in terms of frequencitas
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Y "Q QY0 (2.28)
¢Ca 0 Q Q "0 0 '
with units of nf/Hz.
{AYOS I RSGSOGA2Y 38adGSY o6Aft GeLAOLfte Y

in terms of voltage, we can express the PSD of the recorded voltage signal in terms of the PSD of
0KS NBaz2ylrd2NRa Y2iAz2y | &

Yoo Y &Y Q (229

Here,Y is an offset that is constant due to noise from the detection systachthe term
®has units of ¥m?. Thereforel f f 254 O2y@SNBAZ2Y 2F (GKS NBaz2:
measured voltage PSD and depends on experimental parameters such as the detection system anc
the ability of the measuredstructure to transduce its motion in some voltage variatfofor
instance by varyingits optical propertieghat are then detected as light intensity variations and
converted to voltage by a photodetectdy fitting an experimentally measured PSD of a resonator
that exhibits athermal motion resonancaround a frequencyQ with Equation (2.2), the offset
noise"Y , its resonance frequené@and quality factoh as well as the conversion factécan
be determined.Converting the®SDspectrum to displacement spectral densitia the conversion
factor @ and hntegrating over the entire width of the resonancéhe experimental RMS

displacemenbf the resonatorcan bedeterminedfrom Equation (2.21)

2.3.2 Effective mass

In the previous section, the effective mass of a resonator is used instead of its totafim&swxe

the displacement of a resonator is not constant along its length, a correction must be introduced
that takes into account the extent of the displacement along the entire structure. Therefore, the
effective mass is used in order to account for thet&vary 3 RS3INBS 2F (GKS &GN
while leaving the motion amplitude uncorrected. Assuming a resonator &vithmber of modes,

the effective mass ahe&¢ mode can be determined through its potential energpllowing[83]

and partitioning the resonator into elements of volunfe2 cand masQ a " 'Q @ the potential

energyof the elementscan be written as
P... o Poim s o s
EQOﬂ 0 ofp c Qd o 05 e (2.30)

Here,” isthe density of theelement ands+ e is the normalized threglimensional mode shape
such that the maximum value gf e Sis unity.Integration over the volume of the structure will

give
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P L " —~ . P .

ET A 03 ¢ ¢SQw ET A 03ad (2.3))
where

a i " 050G 2.2)

Forthe simplest case of ondimensional motion of a resonator with uniform density and cross

sectional are® the above expression simplifies to

& 5 78 SY osQo (2.33)

However, since the metamaterial beam structures describe8ention2.2 have varying cross
section and consist of materials with different densitie® use FEM to calculate the effective
masses associated with the mechanical modkethe structuresbasedon the general expression
(2.32. To do so, the mode shapef each beamis normalized with respect to #h maximum
displacement of itscentral partin order to obtain the effective masses associated with the
fundamental mechanical nae. For instancefor the fundamental modes of thaearrow and wide
metamaterial beamsliscussed in&tion 2.2 we calculateeffective masesof 0.69 pg and 0.6 pg
respectively From Equation (2.2the theoretical RMS amplitude of the metamaterial mechanical
resonators can be calculated. Using the above effective masses, the mechanical eigenfrequencies
of the fundamentabut-of-planemodes("Q; 1.70 MHz; ¢}, 1.87 MHzjand assuming
operation at room temperature; ¥ 300 K, we calculate =230 pm for the narrow arid =

223 pm for the widenetamaterialbeam.

2.4 Conclusions

In this chapteywe introduced the basics of beam theory and derived the eigenfrequency equation
of a uniform doublyclamped beam. Additionallyt has beenshownthat tendle stress in a beam
resonatorincreasa its mechanical eigenfrequencifere,there isgood agreemenbetween the
analytical solution and the modelling resuNge also introduced a typical metamaterial design and
identified its mechanical eigenfrequencies though simulatiois.it will become clear in the
following chapters, mechanical stress irmetamatrial structures greatly influences their

mechanical resonances

Moreover, thermal motion in nanomechanical structutessbeen described Considering
that the metamaterialnanomechanical beams have picogragale masseshey areexpeced to

oscillate at their fundamental moday 100s of picometesat room temperatureWe also described
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the procedure by which a PSD spectrum of a nanomechanical structure can be used to calibrate its
thermally driven motion. Inthe next chapters this procedue is appliedto nanomechanical
metamaterias. It will be shown that such metamaterials effectively transduce the thermal motion

of their components to modulation of their optical propertiedlowing identification of the

mechanical resonances at which thean be effectively driven
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Chapter 3
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The thermal vibration frequencies of components of nanomechanical devices increase as objects
decrease in size and thamplitude of such oscillations becomes increasingly important. In
nanomechanical devices, they are of picometric séalthe megato gigahertz range and result in
small fluctuations of optical properties. Optomechanical transduction of natural osmiltatias

been observed ircantilevers[85, 86] single plasmomechanical dimer antenft¥] and metal
insulatormetal[75, 76]resonators as well as other optomechanical syst¢®7$, and exploited in
atomic force microscopy{88]. While optical resonances pabe characterized in routine
transmission and reflection experiments, mapping the high frequency mechanical resonances of
complex metamaterial structures is challengitg.this chapterit is shownthat highfrequency
time-domain fluctuations of the optical reflection of nampto-mechanical metamaterials are
directly linked tothe thermal motion of their components and can give information on the
fundamental mechanical frequencies and damping ef tirechanical modes.

The experimental results presented this chapterare part of a publication by mand
Jinxiang Livhere we report on the detection of reflectivity and transmission fluctuations in
plasmonic and dielectriscanomechanical metamatil, respectively The studies were performed
independently, using dedicated experimental setups with different types of metamaterials that
were developed and fabricated independentlily results presented here,consist of the
fabrication, simulation and rédctivity fluctuation detection of a plasmonic nanomechanical
metamaterial.

In Section 3.1 | introduce the experimental measurement setlipused for probing the
reflectivity of theplasmonicmetamaterial structure. It is based on an inverted microscope setup
that is used for the rest of the experimental results presented in this Thesis. S8@idascribes
the fabrication steps of the plasmonic nanomechanical metamaterials via focused ion beam milling.
Section3.3 presents the theoretial description of optical propertyluctuations due to thermal
motion in a metamaterial arragnd their experimental detectionlhe theoretical description was
mostly developed by Tongjun LiExperimentally] showthat at room temperature thanagnitude
of reflection fluctuationsof nanomechanical metamateriais on the scale of 0.1% but may reach

1.5% at optical resonances.
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3.1 Experimental setup

In order to detect reflectivity modulation of the nanomechanical metamaterials the expetahe
setup illustraed inFigure3.1 was used. The setup consists of an inverted optical micros@digen

Ti) where continuous wavegCW) laser lightis introduced from tle top, see also Figure 3.2 (a), (b)
Forthe experimentameasurementsa 1310 nm fibrecoupled lase(Thorlabs FPL1053%8vas used.

The laser beam is initially split using a 99:1 fibre beam splitter. 1% of the laser beam is directed
towards a power meter in order to monitor the power levels of the laser. The 99% of the beam is
collimated and directed towards two polarizePolarizer P2 controls the polarization of the beam
while polarizer P1 is used to adjust taserpower incident on the sampl@igure3.2 (b)). Thelaser

beam then enters the microscope anddsected towards the sample by 46:55 beamsplitter

before beingfocused on the sample surfacsing a 20x objective (N.A. 0.Zhe reflected light is
collected fromthe objective and encounters th&92 beamsplitter where the small percentage of

the reflected light (8%) is directed towards an infrared CCD camera used to image the sample. The
remainder of the reflected beam is collimatedth a micracollimatorand guided to a photodiode
(New Focus Inc1811FQ usinga multimodeoptical fibre.An electrical spectrum analyser (Zurich

AAAAAA

Instruments UHFL) isusel2 RSGSOG lyeée Y2RdzZ FGA2y 2F GKS al YLX SQ

The metamaterial samples are placed inside a vacuum chamber (Linkam) and pumped down
to around 4x 10® mbar pressure. The vacuum chamber sits on aftkanslation stage to control
the position of the sample with respect to the incident laser be@@gure3.2 (c)) The vacuum
chamber is also equipped with electrical connections to actively drive the metamaterial sample as

will be demonstrated in Chapter 5.
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@ Photodiode

Collimator Powermeter
. [ ]
' Collimator 1%
Spectrum -
analyzer IRCCD BS — 99%
P2 P1

O 8:92
BS

Sample  :Vacuum chamber

Figure3.1 Schematic of the experimental setufor thermal motion detection of nanomechanical metamaterial®1,
P2: Blarizers, BS: Beasplitter, IR CCD: Infrared charged coupled device N.A.: Numerical aperture

@ (b)

T

(©

Figure3.2 Photographs of the experimental setufor thermal motion detection (a) The Nikon inverted microscope. (b)
Input laser port. Two polarizers are used to contta polarization and intensity of the laser beam before entering the
microscope. (c) Linkam vacuum chamber.
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3.2 Fabrication of nanomechanical metamaterials

Similar to other membrandased metamaterial§39-45, 56, 70] the structures employed in this
Thesis const of optical resonators supported by silicon nitride membranes of nanorretate
thickness. Theanomechanicainetamaterials were fabricated by focused ion beam (FIB) miling
gold(Au)coveredfree-standingmembranes The main advantage of FIB millicgmpared to other
nanofabrication techniquess that it does not require the use of resist materials that have to be
chemically removed since the procdsdased on physical sputterifi@d, 90] Moreover, it offers
reasonable fabrication times with good flexibility in the structure shapes that can be ref8i2ed

A dual beam FHBEM system (Helios 600 Nanolahuipped with a gallium liquid metal ion source
wasused for the fabrication of the etamaterial samplesMore details on the operation principle

of FIB can be found ikppendix A

The membranes used were commercially available, low stress (< 25p d¥iean nitride
(SENs) membraneswith a thickness of 50 npsupported by a silicon frame, 26@n thick(Norcada
Inc). For all sampless0 nm of gold were deposited on top of i8N, membranes using thermal
evaporationprior to FIB millingThe millig consists of two steps. Firshe goldbased optical
resonators arepartially formed by milling through the gold layer and in a second stepSk,
beamsare formed by milling through thé\u/SgN, bilayer. The fabrication procedurss illustrated

in Figure3.3.

Thermal evaporatiorof Au Milling of Au Milling of Au/SkN, bilayer

(b) c Y
Tril i

X 4 -
3 Au

M siN,

@)

Figure3.3 Schematic illustration of the fabrication proceduréa) Thermal evaporatioaof 50 nm thick Au film on top of
a 50 nm thick 8N, membrane. (b) First step of the FIB milling process: Optical resonators are formeartaly
patterning the gold film. (c) Second step of the FIB milling process: The nanomechanical beam resmné&torsea by
milling through theAu/SgN, bilayer.

The fabricationsystemalsoallows SEM imagindrigure3.4 (a), (b)show SEM images of a
nanomechanical metamaterial array fabricated on a 560x 500>m low stress gNs membrane
together with simulated and measured optical properties of the structuimethis examplgthe
milled array consists of 17 pairs off&ibeams witha length of 19m and each beam pair supports
21 unit cells of the plasmonic metamolecule with a periodicity of 700 @haracterization of the
array with a microspectrophotometgiCRAIC)eveals a plasmonic absorption resonance around
1200 nmwavelength(Figure3.4 (c)). The measured optical properties of the arf@ayincident light

polarized parallel to the beanere in qualitative agreement with theimulation results shown in
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Figure3.4 (d). Broadening of the resonances and generally weaker resonances are a consequence
of imperfections introduced by the fabrication procesH illing inevitably leads tocaium ion
implantation in the patterned structuree. implanted metal atoms inhe dielectric supporting
beams.Also, structural imperfectionand surface roughnessf the milled metallic blocks cause
scattering of plasmons, which reduce the excitation strength of the resonaj@dgs Surface
roughness can be caused by-deposition d a portion of the sputtered materialeading to

distortions ofthe local geometry

@ - & =

curr [det | HV nag WD | HFW ——— 500 nm ——
86 pA|ETD 1500 0 00( 0 mm sm Helios 60C

(c) 60 (d) 100
554 .
80+
T
60+
40- R
K "'
20
204+— . : : T T 04— T T : T .
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Wavelength (nm) Wavelength (nm)

Figure 3.4 Fabrication and characterization of nanomechanical metamateria(@) SEM image of a plasmonic
nanomechanical metamaterial array. (b) Magnified view of the array. (c) Measured and (d) simulated reflection R,
transmission T and absorption A spectra of the plasmonic metamaterial for light polarized along\NiHe&ms.

Sucessful fabrication of sucstructures is not without challenges. First of all, the optimum
Ga ion dosage (in mC/cfpfor milling through the membrane in order to form the supporting\Ngi
beams(Figure3.3 (c))has to be determinedOne cannot simply use a relatively high dosagehis

would end up milling the surrounding gold bars too. The dosage has to be high enough to mill
through the material while leaving the Au barsimisct as possibld-or the sample dfigure3.4, a

Ga ion dose of 5.5 mC/cwas selected for milling of the Au layer and 17.5 mC/fom milling
through the Au/SNs bilayer. However, milling of material at the edges of the gold bars is
dzy I @2 ARIF0f Sd ¢KSNBTFTF2NBI (GKS RAYSyaizya 2F 0l

account for that Au removal. Another major challenge in fabricatingcstires out of freestanding
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membranes is the release of membrane stresses during milling. The membrane can locally deform
resulting in deviations in the dimensions of unit cells. Dusagple fabrication it was found that

near the edges of the membranelose to the Si frame, this effect was less pronouncesulting

in better fabricdion results. Figure 3.5 shows examples of such challenges affectaaglier

fabrication attempts.

() (b)

RN IR IR IR IR IR iR IR IR R RN IET

NI TrerTr I Ir T T rr rrre e v eenn o

curr | det HV mag H| WD HFW 5 ym —— curr | det HV mag H| WD HFW 5 um
86 pA|ETD 5.00kV |8000x (4.1 mm |16.0 ym Helios 600 86 pA|ETD 5.00kV |8000x (4.1 mm|16.0 Helios 600

Figure3.5 Unsuccessful fabrication attemptga) Arrays fabricated using a low dosage, not enough to mill through the
Au/SgN4 bilayer everywhere(b) Inconsistencies innit cell dimensions due to membrane deformations during milling.

3.3  Modulation of optical properties of nanomechanicahetamaterials
due to thermal motion

Thermomechanical fluctuations O 2 Y L2 Yy Sy (i @& arkXaastuced 2oyfluctuations of

intensity of lght scattered on the component, © i

JOJ a o, where Oand 'O
* @ "Oare the intensities of the incident and scattered light, andh_ is, generally, a nonlinear
Fdzy O A2y 2F GKS O zandigayelngin Qdacdriiandslivith Edhiams(y. 28)
(2.29)the scattered light amplitude spectral density'Q resulting from small thermomechanical
fluctuations inposition] & o is (considering that the amplitude spectral density is the square root

of power spectral density "Q Y Q)

0 1 i QY0
o 120 T My 2 (3.1)
1™ T a ¢ a v Q Q Xy 0

where] "@ the bandwidth.In a metamaterial, the same formula will describe the spectra of
fluctuations of the intensity of light reflecte® and transmittedOthrough the metamateriahs
illustrated in Figure 3.6. FAuctuatons i " 2 F G KS YSGFYFGSNRIEtQa NBTESOGL

correspond to the ratio between the amplitudes of fluctuating and floctuating components of
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the transmitted/reflected light, that i€quation(3.1) divided bythe incident intensityOandoptical

reflectancétransmittanceof the metamaterial without displacemerit hy « h mh_ .
; 'dird hoah fele!
hq 1240 P T L S Y
T T a ¢“a 0 Q Q ok

/ T - ‘
- i (n

— Tt B e e e —

Figure3.6 Thermal fluctuations of optical properties of a nanomechanical metamaterial

At the mechanical resonanc®) "Q, this modulation depth spectral density reacleegeak value
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3.3

Reflectance/transmittance fluctuations over a range of mechanical frequencies can be calculated

by integration over the power speetl density of thefluctuations

1 db;rcfn Yﬁ) 0 C’Q‘Q
e — __ (3.9
p T i (:]H- rgng .‘qj o a0
WEOTE . e g 0 gl

Integration from O toHb, or at least over the whole resonance, gives thet-meansquare (RMS)

fluctuations

(3.9

where the final term corresponds to the RMS beam displacerrasnin Equation (2.209f
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1 Q —— (3.6)

From herdt is apparent that fluctuations of transmission and reflection éllargestt high
temperatures in metamaterials constructed from very liglfiow & ) building blocks, andt
optical frequencies where transmission and reflection depend strongly splatiements ofaid
building blocks. Largefluctuations over a narrow spectral range " @ill be seen at high quality
mechanical resonancesee Equation3(3). As suchthermal fluctuations of optical properties

should be strongest ihighly opticallydispersive nanepto-mechanical metamaterials.

Assuming metamaterial beamsuch as those shown IRigure3.6, with an effective mass
& =1 pg and mechanical quality factoriof= 1000moving ata damped frequencyo = 2 MHz
and a typicathange inoptical properties with beam displacement df 7 1 & 1 %/nm, one
mayexpect to observe an RMBermomechanicatlisplacement amplitde of] & pomiat
the centre of the beamat room temperature resulting in a0.16% RMS fluctuations of optical

properties. At the mechanical resonance, the corresponding spectral densities of displacement and

optical property modulation reach p&avalues o8 pm/ (' tand 3x 10% M( Urespectively.

Thus, in nanomechanical metamateriathermal fluctuations are transduced to fluctuations
of optical properties that determine thefunctional noise floor and dynamic range of
nanomechanicaphotonic metadevices. At the same timebservation of the spectra of thermal
oscillationswill givedirect access to the resonant frequencies of natural mechanical modes at which
the metamaterial will be most responsive to external stimuli. This information atuidion and

responsivity of the mechanical silystemcanhelpin the designof highly efficient metadevices

331 Optical properties of nanomechanical metamaterials

The plasmonic metamaterial used five detection of thermal motion was fabricated based tret
geometric parameters introduced Bection2.2(also showrin Figure3.7 (a)). The structure consists
of silicon nitride beamsf alternate width(230 nm for the narrow and 280 nm for the wide beam)
supportingplasmonic resonatorsith a periodicity of 800 niHere, the horizontal and the pair of
vertical gold bars are separated by a distance of 100Innotal, the fabricatedstructure,seen in

the SEM image dfigure3.7 (b), consists 030 mechanical resonators

Measured and simulated reflection, transmission and absorption of the structure for incident
light polarized parallel to the silicon nitride beams can be seeffrigure 3.8 (a), (b). The
measurement was performed in a CRAIC microspectrophotometer using an aperture>of. 10

Details regarding the microspectrophotometer operation can be foundppendix B For the

38



Chapter3

simulated optical propertiesa single unit cell was simulated using a 3D finite element Maxwell

solver (COMS(4.3a) with periodic boundary contions. The array was excited by a normally

@)

Ry
AU
sz AQ®  mmm SiN,
Units: nm

Figure3.7 Plasmonic nanomechanical metamaterigla) Structure and (b) SEM image of the plasmonic metamaterial
used for detection of fluctuations of opticptoperties due to thermal motion.

incidentplane waveA DrudelLorentz model withhree oscillatord92, 93]Jwas used to model the
electric permittivity of gold with a plasma frequency .of = 1.365 x 1€f rad/s and a damping
constantrg = 3.18 x 18 rad/s. The damping constant used in the model is about three times larger
than in bulk gold in order to account for plasmon scattering dugdtium ion implantation and
surface structure imperfection$9, 92] SgNs was assumed to be lossless with &aetive index of

2 [93]. The simulations reveal thahé structure supports a Fartgpe resonancg57-60, 9498]
0F&aSR dz2LRYy AYUSNFSNBYOS 0Si6SSy || GoNARIKGE F
Fy |yidAaeyY Ymajgndtkroobe irditedNIhé pair of smaller bars. This interaction is
illustrated in theinset of Figure3.8 (b) which shows the Hield distribution at 10 nm above the
plasmonic barsat the measurement wavelength of 1310 nrihe optical properties of #a
metamaterial are sensitive to motion arounds optical resonances, whose strength changes
significantly upon beam displacemaethie to the coupling between the plasmonic elemerigure

3.8 (c) shows the simulated relative reflectivityyj'y of the structure for displacement dhe
narrow beams with respect to the wide in the eof-plane direction (airection). ¥'Yj'Y
corresponds to the quantity ¥ for displacement$ ¢n Equations (3.2(3.5). The simulations
were performed by displacing the narrow silicon nitride beam along with the horizontal gold bar,
up to 40 nm in steps of 10 nrAt the measurement wavelength of 1310 nm the reflectivity of the

structure has a linear dependence on the dis@ment amplituddinset ofFigure3.8 (c)),meaning
that — is constant From the linear fita value of 7T * 1 6=0.275%/nmfor the strud i dzZNB Q &

reflectivity modulation per nm of displacement is extracted.
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Figure3.8 Optical propertiesand displacement sensitivitpf the nanomechanicametamaterial. (a) Measured and (b)
simulatedreflection, transmsgsionand absorption of the nanomechanical metamaterigthe cashed line indicates the
measurement wavelength of 1310 niihe nset in (b) shows the,Held distribution 10 nm above thgold barsfor
illumination at 1310 nmwavelength (c) Relative reflectivity modulation of the arrdégr relative displacement of
neighbouring beams along z at different levels of displacement. Positive displacement corresponds to movement of
narrower beams alongzrelative to wider beamsThe inset grgh shows the dependence 51Y] 'Y on displacement at

the wavelength of 1310 nm. All results are for light polarized parallel to the beapwdrized).
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3.3.2 Detection of thermal motion in nanomechanical metamaterials

v A LA = a

¢2 RSGSOG GKS YSifludiaiibSsNirising foi oshiltions DO méethadical
components, he sample was placed in the vacuum chambad pumped down t@ pressure of
around 4 x 16 mbarto reduce air dampingA 1310 nm laser beam with a power48 >W was
directed towardsthe centre of the structure and the reflected light was directed to a
photodetector, see Sectio.1. Figure3.9 presents the measured PSD speatrrecorded with a
spectrometer (black line) together with the noifieor signal i.e. with the laser turned dfifed line)

The measurement bandwidth here was 53 Har recording of each spectrum an averaging of 100
was selectedt KSNY 2 YSOKF yAOFE 2a0AtflGA2ya 2FshdipkS v
peaks in the frequency spectrum, around 2.5 MPigaks that appear in both curves are due to the

detection sytem, considering that they do not depend on laser illumination.

(@ 1x10%? ; . —
| — Metamaterial (48>W) |
3l Laser off
8x10~° - 7
= |
= 6x10™% ; : 1
8 | i
m 4x10%3t ; ; .
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Figure 3.9 PSD spectrum of the nanomechanical metamaterigh) Signal arising from the light reflected by the
metamaterial array when probed by a 1310 nm laser bedth a power of48 >W shown as a black lindhe ed line
corresponds ta measurement taken with the laser source turned @ffy Zoomeein view of &).
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The abovePSDgraphs can then be convertety relative spectral density of reflectance

3 Ay F
modulationi " "Q T _ in the metamaterial. This is done by using the PSD signals at zero

frequency (DCjor the two measurements (with the laser on at 48V and off) as thevoltage
difference between thentorresponds to 100% reflectivity changeK S & LJS O G NXzy 2 F

reflectivity fluctuations , can be seen ikigure3.10 (a).

252 253 254

2823

—

260 261 262
f (MHz)

(b) 100 T T T

18 20 22 24 2.6 2.8 30 32
FrequencyMHZz)

Figure3.10 Thermal fluctuation of the reflectivity of the nanomechanical metamateriala) Measured spectral density

of reflectance modulation bythe plasmonic metamaterial. Resonant peak widftiigre labelled in kHand insets show
enlarged examples of single (double) resonant peaks with single (double) Lorentziatb)fiSrequencies of the
fundamental outof-plane resonances of the plasmonic metamaterial beams for different levels of tensile Stress
Simulated resonance frequencies of the nanostructured beams (data points) are shown with a fit according to Equation
(2.14) (lines).

Therange of sharp peaksbserveal are linked to the frequencies of thermal movements of
the silicon nitridebeams at their naturafrequencies in the megahertz rangé/e see a isolated
group of several peaksvith Lorentzian profiles that werlap in the case of closebpaced
resonances (insets #igure3.10 (a))with anaveragequality factor ofaround 1000The Lorentzian

line shape indicates that different peaks are related to different beams within the structure. Thus,
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the collective mechanid¢aesponse of the metamaterial is the sum of the individual responses of its
mechanical elementsCmsidering the geometric parametersf Figure2.3 it is clear that the
a0NHZOGdzINBEQa YSOKIEYyAOFE NBaz2yl yoSa thanie rés@ts SO
presented inFigure2.4 (1.7 MHz and 1.87 MHz for the narrower and wider beam respectjvely)
indicating the presence of tensile stress in the beaffable 3.1 summarizes the imulated
eigenfrequencies of tharkt out-of-planemechanical modes of the two beams for zero stress along
with their effective massegd/ariations between the resonance frequencies of individual, nominally
identical beams aremost likely caused byisparties in beam tension across the sample a
consequence of the fabrication proceduwand initial stress in the membraneather thanvariations

of their physical dimension3hese variations in tensile stress across the metamaterial, leading to
the spreadof individual peak frequencies, can be evaluated fieuterBernouli beam teory, see
Equation (2.14)The mechanical eigenfrequencies of the metamaterial beams under stress were
obtained by simulating the structure &igure2.3 for different values of tensile stress in the silicon
nitride layer, along the length of the beams

Table3.1 Fundamental nechanical eigenfrequencies and effective masses of the plasmonic metamaterihbut
tensile stress

Narrow beam Wide beam
Mechanical eigenfrequenciQ 1.7 MHz 1.87 MHz
Effective massy 0.69 pg 0.6 pg

Figure3.10 (b) illustrating the relationship between stress and fundamental frequency for
the two types of metamaterial beams, shows that thbservedvariation of thefundamental
mechanical resonance frequenciestbé beamsare explainable byensile stressariations from
beam to beam o&round30 MPalnhomogeneous illuminationf several beams within the optical
spot profile can also contribute to inhomogeneous shifts of beam frequencigsough thermal
expansion of the beam length, which reduces strgss: ,, | 'Y XY where,, is the initial
tensile stress,| the thermal expansion coefficient of the material a"O'the average
temperature changeThis temperature dependence of the internal stress will be discussed in more

detail in Chapter 4.

To evaluate theroot-meansquare of relative fluctuation of optical properties ® 7
o resulting from thernomechanicalfluctuations we need tdantegrate, as shown byEquation
(3.4), over the entire frequency rangdf only fundamental mechanical modes of the metamaterial
beams are taken into account, this integral can be approximatet a® ¥'Q, where N isthe

number of peaks/modes and and Y"Gre average amplitude and width of the peaksom the
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data presentedn Figure3.10 (a), we can evaluat¢hat the level ofreflection fluctuationis in the

order of——  0.1%at 1310 nm. Tis value couldhcreasgo about——  1.5% at the plasmonic

resonancevhere the reflectivity modulation per displacement is largesteFigure3.8 (c).

3.4 Conclusions

In conclusion, we can observe the natural vibrations of nanomechanical metamaterials as high
frequency timedomain fluctuations of their optical propertieshermal oscillation of metamaterial
structures modulates the relative position of their coupled optical resonators by a fraction of a
nanometre causing detectable intensity modulation of reflected light. This enables optical

characterization of their mechmcal resonances.
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Chapter 4
t KZO20KSNYFE ddzyAy3a 2F yIl y?2
YSGF Yl GSNAI £ &

Vibrations of micreand nanostructuresinderpinNEMS/MEMS technology and applications such
as mass detection[80, 99102] and mass spectrometry [103-105], force sensing106-108],
temperature [109-111] and radiation[112-115] sensing andstudies of nonlinear and coupled
systems[116-118], amongst others. In nanomechanical metamateriagch vibrations allow
dynamic control over their optical pperties [21]. Detection of the natural oscillations of such
systems identifies the frequencies at which they might be driven, while control over the mechanical
response can increase bandwidth, performancel ayperation modes.Temperature changes,
either by environmental heating or through absorptioof light, perturb a mechanical system
through thermal expansion and thermal variations of its mechanical propehtiparticular, beams

and strings are highly responsive to environmental changes due to their frequency dependence on
tensile stresg78, 110]and have led to the demonstration of temperature sensfr0, 111]
photothermal spectroscopic techniqueg105] and tuning of the frequency response of
nanostructureg119]. Combination of such systems with plasmonic structures has been proposed
for the realization of novel imaginfl20] and parallel detection scheme§r’6] that can find
application in gas sensing, mechanical maa@pping of napstructures [121] as well as

thermoplasmonic$122].

In this chapterit is demonstrated that nanomechanical metamaterials are ideally suited not
only for detection of their natural frequencies but alkw tuning them simply by controllinghe
power of the illumination impinging on them. Heating of the metamaterial beams by light
absorption shifts their mechanical resonances by 100s of &attdeved by>W levelsof optical
power.The same phenomenon was studied, independently, by my coléedigaiang Lihe studies
were performed independently, using dedicated experimental setups with different types of
metamaterials that were developed and fabricated independenilge experimental structure
presented hereonsists of 2 beams supporting a row of plasmonic resonafastiord. 1 describes
the eigenfrequency dependence on stress and temperature for beam nanomechagsoahtors
analytically Section4.2 describes the optical proptes of the structure while in éttion 4.3
effective mechanical parameters of thmetamaterial beamsare derivedthat allow analytical
RSAONALIGIAZ2Y 2F GKS ai NinCSéationdSsdthe exygedirdekithl yeaulislof  NX

tuning the mechanical eigenfgeiencies of a two beam structure are presentesbsorption
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induced mechanical frequency shifts detected optically allow not only detection of infrared light
butalsoch Odzf A2y 2F GKS & NUSediamNRliecssas $herusiSaibutl dzNS
structure asa nanomechanical bolometer. Ine&ion 4.6 the concept of a nammechanical
bolometer is expanded in a metamaterial array that can support multiple mechanical resonances

that can detect irradiation with subwavelength resolution.

4.1  Thermal tuning of mechanical eigenfrequencies

Light

ibrations modulate
scattered light

Picometerscale
thermal vibrations

Amplitude of
mechanical oscillation

beam

>

Frequency of mechanical oscillation

Figure4.1 Concept of thermal tuning of mechanical eigenfrequencidscident light heats a nanomechanical oscillator,
causing a shift of its mechanical resonance frequency. The resonance may be detected as modulation of ligig, enabli
the detection of the incidenpower from the resonance frequency shift.

Fabrication of beam resonators from a messed membrane results in beams with residual
tensile stresslllumination ofsuch beaméncreases their temperature through absorptiohlight

If a beam resonatqisuch as the doubtglamped beams described $ction2.2, is subjected to an
average temperature chand® Ydnduced by radiation absorptioand assuming that its endpoints

do not moveits internal stress will be modified by thermal expansion accordiff@d@p119]

. . Y (4.1)

where ,, is the stress at thdncreased temperaturéY , is the initial stressat the initial
temperature”Y,| is the thermal expansion coefficier®isita ., 2 dzy 3 Qand Y BR-dzt. dza

Therefore, heatingmodifies the stresslependent eigenfrequeciesof the beam. We rpeathere
Equation (2.14)

Q 6 v
= u 4.2
Q, pBlE TP =5 4.2

This concept is illustrated iRigure4.1 where a light beam incident on a beam resonator shifts its
mechanical eigenfrequency depending on the power absorbed by the reson@wnbining
Equations (4.1) (4.2he relative frequencghift] "Q "Q, "Q, JQ, inthelimitofsmall

temperature changesan be approximated as
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P OOV
- 4.3
[ ¢ 0800 , 0 4.3
This can be simplified to
1Q T YO (4.4)
where
| O
f — = (4.5
800 ¢, U

Therefore, the relative frequencshift increases with increased temperature, thermal expansion

coefficient and length while it decreases for increafeidkness andnitial tensile stresg 8

At this point it is useful to study the effect of heating in a one dimensional structure such a
astringto give insight as to what affexthe temperature increase ofanomechanicahetamaterial
nanostructures. Assuming a string of length illuminated at its central part, the energy absorbed,

0 hin the centre is in equilibrium with the heat flow through the material out into the supports

that have a constant temperaturérg~ollowing[78], the temperdure distributionis described as

Yo Y ¢y Y5 (4.6)

form @ -, where”Y s the temperature at the centreThe heat flux0 through one half of
the structure can be described bytheoReA YSy aA 2y f C2dzNASNRa I ¢

. TY

) ( 4.7

0 I s 4.7)
whered6Ad GKS &a0NAy3IMEa ONREG &Y IaBONR 12 fy QBhetiR& SoNaf |

absorbed in the string must be equal to the total energy flowing from the centre to the supports

Y U $ (4.8)

Combination with Equations (4.6) and (4.7) gives

o 0 0

Yy "y "y 4.9
Tl o
The average temperature increase of the structure becomes
e VY 0 0
¥ — . (4.10
G Yl o

From here it can be seen the temperaturerease of an illuminatedtring-like structurewill be

higher for increased absorbed powenda long, slendegeometry withlow thermal conductivity
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II. Nanomechanical metamaterials provide a means of tailoojptical absorptionand therefore

their temperature increase) by virtue of the geometric characteristics of their optsainators

4.2  Metamaterial optical properties

As alreadydescribed inChapter 3 the combination of beam structures with optically resonant
elements results in nhanomechanical metamaterial structures supporting optical and mechanical
resonances in a single nthick structue. Such structures camveabsorption maxima near their
optical resonances providing spectral selectivity while their mechanical resonances can be
characterized by exploiting that, at naero temperatures, the natural vibration of mechanical

oscillatorswill be driven by thermal energy.

Todemonstrate thermeoptical control over the fundamental mechanical resonancithe
metamaterial beamsa mechanical systemonsisting of twoSgNs beamsdecorated with gold,, -
shaped optical resonators that supportFanaetype resonance was use#&igure4.2 (a) contains
segments of two 250 nm wide silicon nitride midveams, one supporting a single, large plasmonic
dipole resonator (single dipole beam) and the other a pair of smaller dipole plasmonic resonators
(double dipole beam). The silicon nitride beams and the gold structures are 50 nm thick, each.
Figured.2 (b) shows the simulated optical response of an array of such unitveigtisa periodicity
of 800 nm,for normally incidentlight polarized along the silicon nitride beams, revealing an

absorption resoance at about 1250 nm wavelengtHere, the structure2 LJSNJ 4 Sa Ay |

GRIN]l ¢ Y2RSSOQBEWHAHIzND NAAKGE RALRES Y2RS Aa R

FYR | G@RI NJ ¢ |l dz& RNHzLI2 f SThyadasbremeat wavglgttdaO181® nm, & (i
indicated by the dashed line, is close to the peak of the absorption resonance enkrdeg
absorption, and therefore heating, of the nanomechanical structfioeshermo-optical control of

their fundamental resonancesligh reflectivity at this wavelength ensures strong scattering of the
incident radiation that can be picked up to detect reflectivity fluctuations of the structure due to
the thermal motion of its componentsThe motion of one beam relative to the otheillchange

the coupling between the plasmonic elements, which leads to a change in their optical properties
as illustrated inFigure4.2 (c). While thestructure exhibits the same qualitative behaviour as the
one considered irChapter 3 its geometry and optical properties are slightly different and the

simulatiors have been adjusted to match the geometry of the fabricated structure.
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Figure4.2 Optical pioperties of the double beam optical narmechanical system(a)Left panel:Schematic of the unit

cell dimensions. Right pan&:field distribution 10 nm above the gold bars at the measurement wavelength of 1310 nm
for incident light polarized parallel to tH&sNs beams (b) Simulated optical properties of the structure fohtigolarized
parallel to theSgNsbeams. (c) Relative reflectivity modulatiéor relative displacement of neighbouring beams along z
at different levels of displacementll simulations consider a 2D period array containing many bedtositive
displacement corresponds to movementtbe single dipole beams alorig, relative to wider beams.

4.3  Sample and effective material parameters

As demonstrted in Sction 3.3 differential motion of the beam®f a nanomechanical
metamaterial array leads to the emergence of a number of peaks in the PSD sppoina
illumination,making it challenging to identify and link them to particular mechanical resonators. T

overcome this, a simpletwo beam system was fabricateallowing accurate detection and
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characterization of the mechanical characteristics of the systemgether, the two silicon nitride
beamssupport a row of 14 optical resonator$he beamsare 16 mecrometres long and were
fabricated by focused ion beam milling of a 50 nm thick, low stress (< 250 MPa) silicon nitride
membrane coated with a thermally evaporated layer of 50 nm thick detglife4.3 (a)).For more
details on fabrication see Sectidh2 and Appendix ASince our structure consists of beams with
varied crosssections, we perform finite element method simulations to calculate the mechanical
eigenfrequencies aneffective mechanical parameteogthe strings (COMSOL 5.3a). Without initial
tensile stress, the simulated mechanical eigenfrequencies of the fundamentalf-gléne mode

of the single and double dipole beams &%® 1.481 and 1.647 MHz, respectively.

(a)
Single dipoles
Double dipoles 5>m
® 00—
—_
E ] Double dipole .
ting b
é 55 supporting V
> ; M '
3 | |
o /
S 2.04
o
E ‘ Single dipole
supportingbeam
09)7 1.5+ # i
L
1.0 T T T y I

O 5 10 15 20 25 30
Stress (MPa)

Figure 4.3 Stresstuning of nanomechanical beam resonatar¢ga) SEM image of the fabricated two beam nano
optomechanical system. (l9imulated mechanical eigenfrequencies of two silicon nitdidams thatjointly support 14
plasmonicunit cells, for different values of tensile stress (dots). Lines represent fittings with the stress dependent
mechanical eigenfrequency according to Equation (4.2). Insets show finite element method simulations of the respective
mechanical modes.

Tensilestress increases the mechanical resonance frequencies of the beams, as illustrated by
Figured.3 (b) for tensile stress up to 30 MPa. In order to describe the sttepgndent mechanical
eigenfrequencies of the structure analyticaly,S G 1S SFOK oSIFyQa G(KAOlySaa
thickness andit the simulations with Equation (4.2), arriving attleffective beam parameters

o ,” and 0 ) given byTable4.2. The average thickness was calculated based on the
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percentage of goldoverage of each beam which was extracted from the SEM image. For the single
dipole beam and gold coverage of 57,8% effective thickness of 79 nm was calculated while for
the double dipole beam the gold coverage was 46.4% resulting in a lower effdttikress of 73

nm. The effective thermal expansion coefficignt of each beam was calculated as follows. For
a bilayer beam consisting of equal paB&Nsand Ay its effectivethermal expansion coefficient

\ A is given by

| n — 8 pT +

4.1)

where | ¢ pm + and| p® pT1m + (Tabled.l). Taking the weighted

average, the effective thermal expansion coefficient of each beam is calculcabtbd.2).

Table4.1 Thermal properties ofilicon nitride andgold. [39, 123

Material| Thermal expansion coeff| Thermal conductivity(#) Volumetric heat
& capacity €9
SiNy 2.8x 106 K? 2.5 WmiK? 2.1J cm* K™
Au 14.2x 108 K1 146 WmK? 25J)crmiK?

Table4.2 Effective Youn®@ moduluser, densityzer, thickness#, thermal expansion coefficient e and masd e
of the two metamaterial beams

4.4  Tuning of mechanical resonances of metamatet@ams with light

Parameters Single dipole beam | Double dipole beam
et (GPa) 227 235
Z et (kg/mP) 10410 7415
< (nm) 79 73
) ert (1/K) 4.3 x 16 4.0 x 160
i e (PQ) 0.82 058

The two beams oscillate at their natural frequencies due to thermal energy. These
mechanical vibrations were characterized in a vacuum chamber at a pressure of*4nbadby
measuring the resulting modulation of reflected ligBimilarly to the optical measurement setup
described inSection 3.1, a 1310 nm wavelength CW laser beam polarized parallel to the silicon

nitride beams was focused on the sample with an objective of 0.40 numerical aperture and the
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reflected light was collected and guided to a photodiogfégure 3.1). Thefull width at half

maximum(FWHM) of the laserspot was 5>m and the total optical power incident on the sample

was varied between 3:30>W. Considering the spot size and the 800 nm width of the unit cell that

contains two beams, about 10% of ttaal incident power illuminates an individual metamaterial

0SFY® ¢KS fFaSNI gt @St Sy Dladnonk desomahceFig®e4d ), 1 KS & i NHzO {
ensuring strong absorption for thermaptical control of the fundamental resonances of the micro

beams. A spectrum analyser was used to record the optomechanically transduced signal.
Measurements were taken at the centre of the structure and twokseaere detected around 1.5

MHz (single dipole beamand 2 MHzdouble dipole beamsjt a few microwatts of laser power

incident on each metamaterial bearkigure4.4). The measurements show thpower spectral

density of the reflected light as a function of frequency and laser power incident on each beam.

By fitting theexperimental power spectral density curweith Equation (2.29) and following
the procedure outlined in Section 2.3.We extract experimental RMS displaceme(dssuming
room temperature)of 269 and 249 pm, at >2 A f € dzYA Yy | (A 2ryhe $idgle &I LISNI 6 S| Y
double dipole beams, respectively. These experimental RMS displacementsrgrarableto the
theoretically expected room temperature RMS displacements of 274 and 255 pm according to
Equation (3.6), based on the observed resonance frequencies and effective masses according to
eigenmode simulationsT@ble 4.2). This confirms that the detected signal indeed arises from
oscillations of the two micrtbeams. Comparison of the observed PSD peaks to the background
level indicates that the displacement sensitivity our experimendbaut 2 pm/HZ at the highest

incident laser power.
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Figure4.4 Power dependence of thermal vilations of the metamaterial beanpair. (b) Thermomechanical spectra
(power spectral density, PSD) of light reflected by the centre of the two beams for different levels of CW laser power.
Inset values indicate the power incident on each nanomechanical beam.

52



Chapterd4

For both mechanical resonances, incrahsmcident power decreases the resonance
frequency. This is an expected consequence of optical heating of the beams, leading to a stress
reduction according to Equation (4.1) and a resonance frequency shift according to Equation (4.2).
Figure4.5 (a) shows the detected resonance frequencies of both beams as a function of incident
laser power.The frequency positions were extracted from measured PSD stdovawo cycles of
optical heating and coolingf the sample.The observed powedependence of the resonance
frequency shift is linear. By performing a linear fit, we determine the resonant frequé&gy, ,
of the measured beams in the absence of thal softening (stress reduction) due to laser
At fdzYAYylrGA2yT G n >2 AYyOARSYyG I &35 Ne hdang S NID
parameters ofTable4.2, we calculate the tensile stregsfor different illumination power levels of
the measured micrdoeams Figure4.5 (b)). According to linear fits, the initial tensile strgssis
2.57 and 8.11 MPa for the single and double dipole beams, respectively. This analysis suggests tha
the stress in the singlenal double dipole beams becomes compressive abovea@B6.5> 2 2 T
illumination power per beam, respectivelyhe thermaoptical shift of the resonance frequencies
of the single and double dipole beams reache® 16.8 and 19.5 % &t>W of incident lasr power
per beam, that is a shift of 2.4 and 28>W, respectively.

(@) 21 ® 10

Stress (MPa)

Frequency (MHz)

1.4 b -84

1.3 T T T T T T T -10 T T T T T T T

Optical power per beanmiV) Optical power per beanmiV)

Figure4.5 Opticalcontrol of mechanical resonances and streés) Fundamental mechanical resonance frequencies as a
function of optical power incident per beam. According to linear fits (lines), the mechanical eigenfrequencies without
laser illumination aréQ,, = 1.592 and 2.030 MHz for the single and double dipokerts Insets show SEM images of

the beams. (b) Calculated stress of the nanomechanical beams as a function of optical power incident per beam. Linear
fits (lines) indicatehe initial stress of, = 2.57 and 8.11 MPa for the single and double dipole beams.

44.1 Temperature increase in the beams

The lightinduced temperature increase of the beams is given by the observed
eigenfrequency shift "@ccording to Equation (4). From here, we calculate the temperature
increase in the beams for each level of incideptical powerseeFigured.6 (a). Here, the effective

thermal expansion coefficients of the beams are given by the weighted average of those far silico
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nitride and bilayer seabns of the beams, see Tabl€24According to this calculation, theatural
frequencies of the single and double dipdieams shift by = 2.3and 1.9 b 7+ and the beams
reach average temperatures 6 YO= 7.4and 10.3 K above oon temperature, respectivelyThe
lower temperature of the single dipole beam is expectad its more extensive gold coverage
implies more efficient conductive cooling and thus a lower equilibrium temperatgge Equation
(4.10)

Also, the spectral widtbf the resonances depends on the incident optical powégure4.6
(b) shows the measured qualitQ)factorsfor both nanomechanical beams as a ftion of optical
power where we observe @actor changes of up to 30Q%he quality factors were calculated by
fitting each peak with a Lorenz function to extract its position and FWHdeasing illumination
levels leads to a decrease of the quality faabthe mechanical resonances from around 1000 at
low power to 306400 at7 >W per beam This may be due to dissipation dilution, wherat low
intensity ¢ the increased tensile stress in the nanomechanical resonators increases the stored
vibrationalendN A& NBf I A PGS (2 GKS aidNHzZOGdz2NEQa AYUINRYAAO f 2:
[124-126]). Where a high quality factor is desired, the detrimental effefthigh power laser
illumination on the mechanal quality factors could be countered bying higher stress materials
Alternatively, further tuning of the internal stress could be achieved via mechanical stretwhing
the beamgq127] or strain engineerinl26]. Another approach that has been reportedépering
(reducingthe width) of the edgesof doubly-clamped beam resonatorghich leads tolocal stress

enhancement andncreased mechanical Q facgjd28].
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Figure 4.6 Temperature and quality factors of the metamaterial beam@&) Averagetemperature increase and (b)
mechanical Q factors of the fundamental nanomechanical resonaxadunction of incident optical power

Considering a quality factor of about 1000 at low powsgyre4.6 (b)), a resonance shift of
one resonance width arises from about 40 nW gtical power.Incident optical power can be
determined from the resonance shift and givérat the resonance frequency can betdid with

much less uncertainty than one peak width, this implies that the minimum detectable power is on
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the order of afew nanowatts.¢ KS & (i NHzO G dzNB Q&  dza S esligated lfurtherdnt 2 Y S
Sectiord.5.

4.4.2 Tuning of eigenfrequencies by ambient temperature changes

To further confirm the origin of the resonance frequency shift we performed thermomechanical
measurements of the two beam system atefd laser power and varying ambient temperature.
Control of the ambient temperature is achieved through a heating stage placed inside a vacuum
chamber. The temperature is increased frontQ@room temperature) up to 12Q in steps of 1T

for fixed lasermpower incident per nanomechanical beam of 3:8%. Figure4.7 shows thatthe
resonancefrequencies shiftinearlywith increasing temperature, up to 17fér the single dipole
supporting beam at 119 and 6% at 8C for the double dipole supporting beaRurther increase

of the ambient temperature results in a plateau for both resonators.
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Figure4.7 Ambient temperature control of mechanical resonanceResonance frequencies of the single dipole (black)
and double dipole (red) beams as a function of ambient temperature.

The observed decrease of resonance frequencies with increasing ambient temgeratur
supports the conclusion thahe observed frequency shift arises from temperature variations that
modify the internal stress of the beam structur€@uantitative differences should be expected for
the two different heating mechanisms. Laser irradiat{@igure4.5 (a))causes local heating of the
beams at their centre, the thermal energy being conducted through the beams to the surrounding
membrane. The local temperature increase modulates the intestrass while the membrane
remains largely unaffected. Ambient heatiffeigure4.7) on the other hand, heats not only the
beams but the supporting membmna as well, resulting in stress variations not only of the
nanostructures but of its support todn fact, for a resonator supported at the edges and subjected

to ambient heating, its internal stress will be modified accordinfy 8}
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., . O] & Y0 .12

where &0 is the thermal expansion coefficient of the support material. However the case
presented here is more complex. Not only the surrounding membrane will expand upon heating
but additionally, the silicon frame supporting the membrane will also expat@ducing further

complexity in the thermal response of the structures.

4.5  Optomechanical metamaterial nanobolometer

The two beam system presented here essentially functions as a nafmnieal, metamaterial
based bolometer.Bolometers detect radiation by measuring temperature increases due to
radiation absorption. They consist of an absorber and a temperature sensor that are thermally
insulated from their surrounding3he radiatiorinduced temperature change is normally detected
electrically as change of electrical resistafit29], through the thermoelectric Seebeck eff¢tB80]

or through the pyroelectric effecfl31]. Metamaterials have attracted interest as bolometer
absorbers as thy allow engineering of the polarization and spectral dependence of radiation
absorption[132-137]. Strong temperaturalependence of mechanical resonances of mi@od
nanostructuregprovides another readout opportunity for microbolometers, which hagd¢ekcent
demonstrations of electromechanicfl13-115] and optical[112] readout of nanomechanical
microbolometers.The structure presented here can detect incident infrared radiation based on
mechanical frequency shifts andréad optically Moreover, it can provideradiation detection with

spectral and polarization selectivjtgeeFigure4.8.
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Figure4.8 Polarizationand spectral dependence aibsorption of the metamaterial unit cellSimulated absorption of
the metamaterial arrayfor normally incident light polarized parallel-golarized, continuous line) andrthogonal (y-
polarized, dashed line) to the beams. Insets show thgel distribution 10 nm above the gold layer at the wavelength
of 1310 nm, indicated by the green dashed line.
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The main performance characteristider a thermal detector are itgesponsivity,noise
equivalent power (NEP) and its cooling timescale (errttal time constant)138]. According to the
linear fits of resonance frequencies as a function of incident power per-beam(Figure4.5 (a)),
the resonance frequencies shift B$8 and-57 kHzFW of laser power incident on each beahinese
valuescorrespondtothena®d 6 2 f 2 YSGUSNRA NBALRYAADAGED CNRBY
frequencies at fixed optical power, we determine a frequency nofssaund 170 Hz/HZ?, which
corresponds to a noise equivalent power of 4.5 and 3 n\W?Hespectively The main sources of
noise in the system arthe instabilities of the incident laser artie thermal fluctuations of the
structure. The temperature increase of the metamaterial mechanical resonators can also be
described asY’Y 0 6_'Y were0 is the optical power incident on the resonatdr,_ is the
absorption at the wavelength_ of the incident radiation andY is the € NHzO G dzNB Qa |
resistance.Consideringabsorption of 37%, at 1310 nm and for x polarized light, the thermal
resistance of the single and douldéole beams isY C¢® and 4.0+%t 7 , respectively. With
heat capacities of about 0.7 pJ/K, this implies cooling timescales on the order3o$s2
corresponding to a few cycles of mechanical oscillatigvhile the cooling time of the
nanomechanical system is only a few microseconds, intipeacthe time required for
nanobolometer readout will be determined by the measurement of the resonance frequency of a
beam. Considering the Fourier transform of a tidmmain signal, the measurement time required
for achieving a frequency resolution thatatches the resonance wid#'Qis pj ¥'Q which ranges
from 190 to 750>s in our nanobolometer. However, both higher accuracy and shorter

measurement times may be achieved using frequency interpolation techniques.

In comparison to nanoelectromechanicdlll4, 139] metamaterial [135-137] and
conventional[140, 141]microbolometer arrays, our opticatigad nanobolometer structures offer
smaller sensing elements #n?) with more than an order of magnitude highgatial resolution
(400 nm) andwo orders of magnitudeshorter thermal time constantin contrast, singleixel
microbolometerqg113, 115, 132, 133, 1384s well as nanobolometers fed by microscale or larger

antennag142, 143] do not offer nanoscale resolution.

It is interesting toconsider how the nanobolometer device might be scaled to other
wavelengths. For instance, scaling the lateral dimensions of the entire geometry by a factor s and
keeping the thickness constant. Theohanical resonance frequencyuld scale proportionalljo
s? according to Equation (4.2) while the effective mass would scale proportionafly Toerefore,
the thermal RMS displacement according to Equation (2.20) would scale with s. As the optical
resonance wavelength would also scale with s, this sugdkat the magnitude of the RMS optical
fluctuations would not change much, indicating that the mechanical resonance should remain

observable opticallyThe spatial resolution would scale with s and remain the same fraction of the
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wavelength.The thermal esistanceY should not change, while the heat capac#ydtherefore
the cooling timescalgwould scale witls?. The time required to measure the mechanical resonance
frequency of the nanowire scales with, sndicating that the readout of a significdy larger

bolometer would be much slower.

The aboveresults show a proof-of-principle demonstration of the bolometer concept,
however, in practical sensor implementations, it would be desirable to use a stable CW laser for the
optical readout of the sengp to measure the power of another radiation signal. A readout
wavelength closer to 1120 nnF{gure4.2 (c)) would maximize the signal of noise ratio and allow
readout power levels of less than>W per metamaterial beaniThe minimum detectable power
of the sensor could be improved by increasitsghermal resistivity and reducing its heat capacity,
which could be achieved by removing gold from the ends of the metamaterial bE&0F The
spectral and polarization sensitivity, as well as the transduction of thermal vibrations to modulation
of light at the readout wavelength, can be engineered by the metamaterial design, and detailed
mechanical characterization of such structures can be performed by hyperspectral motion

visualization scanning electron microscopy (SEM4].

4.6  Frequency tuning in anetamaterial array

Radiation  Detector

Resonant thermal
oscillations

Light modulation

Frequency

Figure4.9 Concept of frequency tuning and bolometry in a metamaterial arr@ptical heating causes frequency shifts

of distinct mechanical resonancesDAof different metamateriabeams. For bolometry, they can be read individually
based on the light modulation caused by their thermal motion. For actuation, they may be driven by light modulated at
their individual resonance frequencies. Different metamaterial designs on differeambecould be exploited for
detection of (or control of different beams with) different polarizations and wavelengths.
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A nanomechanical metamaterial consists of an array of metamaterial beams, where each beam can
act as anandoolometer. If these beams havsufficiently different mechanical resonance
frequencies, due to different beam lengths or initial stress, then they can be read indepggnden
[70], providing a naobolometer array with sufmicron spatial resolutionseeFigure4.9. This

allows for optical sensing with swhavelength spatial resolution, @rin principleg polarimetry and
spectroscopy based on parallel detection with beams suppontiiical resonators that absorb

different polarization and/or spectral compontmn

To demonstrate this concepin array of metamaterial beamgas fabricatedFigure4.10(a)
shows an SEM image of the fabricated plasmonic metamaterial wiherdength of the silicon
nitride strings in the array was varied from 2 to 17>m in steps of m. In total, the structure
consists of 32 nanomechanical resonatargl has an absorption peak close to the measurement
wavelength of 1310 nm for-golarized light Figure4.10 (b)), as expcted from simulations (see
Figure4.8). Considering the 800 nm size of the unit cell that contains two besagments the
structure can provide bolometry with a spatial resolution of about 400 nm, i.e. 0.3
Thermomechanical measurements were taken at four different positionbiesample, each time
focusing on beams of different length.Figure4.10 (c) shows the dependence of a resonance of
each beam group on the illuminatiopower. The natural frequency of a beam is inversely
proportional to its length and therefore shorter metamaterial beams oscillate at higher frequencies.
Taking into account that about 10% of the total incident power illuminates a typical metamaterial
beam we observe a responsivity 0f2P6/~W resonance frequency shift per power incident on a
beam in the metamaterial. This is slightly lower than for the two beam nanobolometer, which may
be due to higher initial stress in the metamaterial sample. Slightfetaresponsivity for longer
metamaterial beams can be attributed to an increased thermal resistance of the longer beams,

causing optical heating to slightly higher temperatures.

The dependence of mechanical resonances of nanomechanical metamaterials on optical
power also provides an opportunity for tuning of a number of optical effects such as etgutimo
[43] and magneteoptic [45] phenomena. At natural resonances, mechanicatillations of such
nanostructures can be driven to big amplitudes, resulting in large modulation of their optical
properties around the optical resonances of the metamaterial. Optical control of mechanical
resonances therefore provides dynamic control othe natural frequencies at which efficient light

modulation can be achieved.
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Figure 4.10 Nanomechanical metamaterial bolometer arrala) SEM image of the metamaterial. (b) Measured
transmission (T), rédction (R) and absorption (A) spectra of the metamaterial fpolarized illumination. (dresonance

frequencies, as a function of the total incident optical power, extracted from PSD spectra taken at different positions on
the metamaterial sample, withnear fits
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4.7 Conclusions

In this chapter | studied the dependence of mechanical resonances of metamaterial beams on
illumination by light. The ability to control mechanical resonances with light can be exploited for

tuning of metamaterial functionalitiegs well as detection of light.

It is shown thatfrequencies and quality factors of natural mechanical resonances of
nanomechanical metamaterials can be continuously tuned by light induced heating affecting
mechanical tension in the nanostructuné/e observe frequency shifts of up to 20% anéaGor
changes of up to 300% at optical power levels of few microwatts per metamaterial beam. Such
tuning may also be applied to nanomechanical metamaterials with addressable mechanical
elements, for applicatins such as dynamic diffraction grating®], subwavelength spatial light
modulators [70], and to the study of coupled mechanical systefh%7] for light modulation,

temperature sensing, spectroscopy and imaging applications.

Finally,the structure presnted here can function as @anobolometer with noncontact
optical readout. The nasbolometer is based on detection of the modulation of optical properties
caused by the fundamental strianometrethermaloscillatiorsof a nanomechanical metamaterial.
TheG KSNX It Y2GA2y 2F GKS YSOFYFGSNRFT Qa YSOKI
0§KS adNHzOGdzZNEQa O2dzL) SR LI FaY2yAO NBaz2yl G2 N&
modulation of light reflected by the nanostructure. Plasmonis@ption and thus heating of the
structure results in internal tensile stress variations that modify the mechanical resonance
frequencies of indidual mechanical elements by -320/>W of incident power Such
nanobolometers offer submicron spatial resolutin, microsecond response times and nanowatt

detection.
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Chapter 5
AdldlotS yIFy2YSOKFYAOFf YSi

Bistability manifests as two stable output states of a nonlinear system for the samie ptical
bistability is needed for memaory functions in-afitical computing and routing in photonic circslit

[145]. Generally, an optically bistable system consists wbnlinear medium as well as an external
[146, 147]or internal [148] feedback mechanism and exhibits hysteresis as a function of light
intensity. The earliest examples of such systems consisted of a nonlinear material, such as sodium
vapour [146], GaAs[147] or another semiconductor placed inside an optical cavity, where
nonlinearity of the real and imaginary parts of the refractive index (Kerr effect and saturable
absorption) leads to dispersive and absorptive bistability, respecti8etge then, optical bistability

has been reported in systems such as photonic crysiedamesonatorg149-151], ring resonators
[152-154]and laser$155], where highQ resonators enable loywower bistability at the cost of low
optical bandwidth. In metamaterials, bistability has been reported only at microwave frequencies
[156-159], where large nonlinearities are available. Thus, the challenge of weak optical
nonlinearities has prevented practical, broadband, Jo@wer solutions for bistability in the optical
spectral range. In contrast, mechanical nonlinearities are easily accessibleicto- end
nanoelectromechanical systems (MEMS and NEMS), bistable cantilevers and beams can provide
mechanical data storage and computja@, 166168]. For instance, two static mechanical buckling
states[169] of nanostructures can serve as nualatile mechanical memory163, 164, 167pr
quantum qubits[170] controlled by optical forces, electrostatically or using the magnetomotive

technique.

Here, Ipropose the combination of optical metamaterials with nanomechanical elements i.e.
hybrid nano-optomecharical metamaterials, to demonstrate bistable modulation of their optical
properties as an alternative route tovercome material limitationsThe origin of bistability is
mechanical in nature however in metamaterials it translates into bistability of thptical
properties. Section5.1 introduces the fundamental description of the dynamic response of a
doubly-clamped resonator driven to oscillatetime nonlinear rgime while in 8ction5.21 describe
the concept of a nanomechanical metamaterial exhibiting bistability due to its mechanical
excitation by a piezoelectric elemer8ectiorb.3details the experimental procedures followed for
the fabrication of the sampkeand their measurementin Sction 5.4 1 present the experimental
results for a pair of metamaterial beams that can exhibit bistable response which can be controlled
either acoustic#ly or optically. FinallySection 5.5 deals withthe mechanical excitation of a

membranesupported metamaterial array.
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5.1 Bistability in MEMS/NEMS

In the fields of micreand nanoelectromechanical systems (MEMS and SIE istable behaviour
of structures such as cantilevers and beams has been implemented to demonstrate functionalities
such as mechanical data storage and compuf{b@ 1606168] Switching between two stable

mechanical states can be realized either in setic or in the dynamic operation regime.

In the static operation regime, mechanical buckling of nanostructures has been used to
create nonvolatile mechanical memory systems where the information is stored in one of the two
static states of the strucire [163, 164, 167, 171]The switching between the two states can be
achieved through optical forces, electrostatically or using the magnetomotive technique.
Furthermore, such buckling systems have been proposed to implement quantum §LiEd§sto
realiz quantum computing with electromechanical systems. Mechanical bistability of tethered
membranes due to radiation pressure in optomechanical systesssalso been observedcently

[169].

In the dynamic operation regime, resonant structures drieg¢isufficiently high amplitudes
will enterthe nonlinear regime where they caalso exhibit bistable respon$&72]. A wellstudied
example is that of a doubly clamped beam described by the nonlinear Duffing equation of motion

[173]

@ &7 & a1 a | & Qe o (5.1)

where [ is the damping,Qis the spring constant, is the coefficient of cubic

nonlinearity, z is the oscillation amplitude af@® £7i 0 the driving force.This nonlinearity is
geometic in originas itis dictated by increased compressive or tensile strain in the beam when
driven at sufficiently high amplitudes, resulting in frequency pulling and the formation of a bistable
region around the resonance frequency of the oscillatdrenonlinearity can be positive, making

the resonator stiffer and increasing its resonance frequency or negative, making the resonator
softer and decreasing its resonance frequeficg2]. Systems operating in that regime have led to
the demonstration of dynams mechanical memoridd61, 162, 165, 166)here access to each of

the two stable statess dictated by excitation with increasing or decreasing frequency
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5.1.1 Bistability due to geometric nonlinearity

N

NN NN

-

X

Figure5.1 Schematic illustration of a bent, doublglamped beam0: Length of the beanQ thickness of the beam.

Nonlinearities irmechanicaktructures such adoubly-clamped beams can arise from geometric
effects Considei structure such as the beam illustratedrigure5.1, which haslampedendsand
therefore, upon bending vikations the structure will streth. The equation of motion, as described

in Sction2.1.2 is given by

6 oo 6 oo 6 oo
32 ol 52 s (5.2)
To Tw Tw

For small amplitudes of motiagsmaller than the thickness of the bed@hthis stretchingeffect can
be neglected. However, for structures of nanomeseale thicknessamplitudes of motion larger
GKFy GKS adNHz0GdzZNBQa (KA O| ySaa-udflghgindBal Sresa A £ &
inside the beam which will result in changes of its eigenfrequency. This means that the beam is

elongated by an amourX0 and the tensile force is given F¥8]

6 0 00- (5.3

where0 , Oistheinitial tensilestressHA & G KS 0S| Y @A aONKDE , 2 845 @K1

and-  ¥0j 0 is the longitudinal strain of the bearfihe total length of the beam can be written as

o . 6 . .10
0 Y0 Qwp T— el P QooT—‘ (54)
T w q T w
and equation (5.3) becomes
0
5 o o06-,06 06% [%qg (5.5
cL T w

Inserting into Equation (5.2) together with a dampuhgnd a driving forc&Oresults in
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T oad 1 ocd 1 6D . .P 16 1 6ad
" 0— Q . 06— , 0 06 — Qou—m—
ToO T O Tw ¢ T w Tw (556)
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From Equation (5.6) dking the intinsic tensile stress to be zero, since the displacement of a
resonator can be expressed@sif®o B & 67Y & and following the Glarkin method as can

be found in[78], the lumped model equation of motion is retrieved

@ R& O [ RGO Qrad 0 & r& 0 OO (5.7

This can be written as

(5.9

where®Q v & {1 andd

This equatiorcan be solved by assuming that the nonlinearity is a small perturbation to the linear

case detailed derivations can be found[in8, 172] Solving for the amplitude of motiogives

a - (5.9

=
e
Q
N
°fe

Thisshowsthat for small driving amplitudes the response of the resonator follows a Loreriiz@&n
shape Anincrease of the oscillation amplitude howeyaeiill lead to asymmetric resonant curves
The frequencies for which the response will be maximum cafoised by imposing— 1t This
gives

o
ga ]

& (5.10)

The critical amplitudex , the threshold at which the resonator motion starts being nonlingar

given by

a

v
/lo ®

oVlo

(5.11)

P
0

and is found by imposing— mand 1. From here it can be seen that the nonlinear regime

is more easily accessible for low massictures with high quality factor resonances.
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5.2  Concept of bistable metamaterial

Optical metamaterials anbined with nanomechanical elements such as beams have been shown
to provide light modulation, through a variety of actuation mechanisms. Recently, such structures
in combination with phase change materials have also been shown to provide memory effects in
the static regimeg/40]. Here, weaim to demonstrate memory effects in the dynamic operation
regime utilizing a plasmonic nanomechanical system similar to the one described in the previous
chapters. The metamaterial design consists of silicon nitride declatyped beams with
resonances in the Mz range, that support plasmonic, optically resonant structures sensitive to
relative beam displacement. The metamaterial sample was placed on top of a piezoelectric actuator
whose displacement due to AC voltage application leads to out of plane tisn#leof the
metamaterial beams, se&igure5.2 (a). Optical modulationis detecteddue to outof-plane
displacement of the metamaterial beams when oatitig at their mechanical resonancessulting

from modulation ofthe electromagnetic coupling between the supported optical resonators

(@) Metamaterial Incident~ (b)
light External drive at Bistable response at
Membrane mechanical optical frequencies,,
Optical frequencyf
~ ~ bistability
<
Vibration Plasmonic
Incident_J optical system
< light resonant

. >
\‘/Vibration

Figure5.2 Membrane-based nanomechanical metamaterial for mechanical memofg) The metamaterial consists of
doubly clamped beams supporting optical resonators which are forced to oscillate in tioé-plaine direction by means

of a piezoelectric element. Drivinhe system at the resonance frequencies of the metamaterial beams results in
modulation of the reflected and transmitted light. The response of the structure is detected opticaliglainhodulation
arises from modulation of electromagnetic couplingween the supported optical resonators. (b) At specific frequencies
Faa2O0Al SR ¢ Adchanicél KeSonadcs they dpfamechianical system oscillates in the nonlinear regime
resulting in two mechanical stateaccessed by approaching the resonance frtower or higher frequencies
Mechanically exciting the structure at such resonances results in two vibrational ampbtatés for the same
mechanical drive d@requencyf. The vibrations modulate the couplibgtweenthe plasmonic resonators translatitige
mechanical bistability into bistability of the optical properties of theetamaterial at frequenciesfop:.

If the mechanical oscillations enter the nonlinear regimkistable resonant response of the
structure is expected, depending on the direction of frequency excitation, which would manifest as
KealiSNBGAO Y2Rdz FGA2Yy 2F (GKS aidNUzOG diNges2 2 LJi
(b). The mechanical system is driven in the nonlinear regime at a mechanical freduwemese it

becomes bistable. The bistable states are selected by approaching ttemieal frequencf/from

67



Chapters

either lower or higher frequencies of mechanical excitation. The supported plasmonic system has
an optical resonance at frequendyy=230 THz (wavelength of 1310 nm). This configuration

translates the mechanical bistability ofdilmanomechanical metamaterial system into bistability of

GKS YSGFYFGSNRALFEQa 2LIGAOFE LINPLISNIASE ySIEN Ada

5.3  Experimental details

53.1 Metamaterial excitation and experimental setup

In order to induce large amplitude oscillations of nanomecbainnetamaerial beams excitation

of the structure by means of a piezoelectric element was seled®eizoelectric actuation of
nanostructures is a simple schensemmonly employed to study the mechanical response of
structures such as bearfit74], cantilever§165]and membrane§l75-177]due to easy integration

and large excitation amplitudes that can be achieveolwever prior to this work it had notbeen
applied to actuation of nanomechanical metamaterjalst A commercially available piegiectric

chip (Thorlabs Ing.model number. PAAFEH3W/as selected for the experiments consisting of
multiple Lead Zirconate Titanate (PZT) layers with a specified resonance frequency around 600 kHz.
Thechipmeasure 5x5 mnt, with a height of 2 mm and has2mm throughkhole at its centre and

was nounted on a brass base of one inch diameter, also with a thrdwaé at its centre to allow
transmission measurementd-{gure5.3 (a)). As the base is much heavier than theembrane
supporting frame, it will remain stationary during vibrations, resulting in the vibratidreing
transferred to the membrane frame onlfhe silicon frame supporting the membranes eve
mountedcenteredon top of the piezoeldcic chip using duble-sided tape, seéor exampleFigure

5.3 (b), to allow outof-plane oscillations of the metamaterial structurdhe brass disk was then
loaded inside a vacuum chamber equipped with electrical connections to drive the piezoelectric

chipsupporting the membrane/metamaterial structure.

The experimental setup usedrfthe measuremerg can be seen irigure5.4 (a). This is
identical to the one described ineStion 3.1 with the difference that a transmission collection
objective (N.A. 0.4) was added to the bottom part of the microscope allowing collection of the light
transmittedthrough the metamaterial. Tétransmitted light was collected and directed waifibre
to a second fibrecoupled photodetectorAs described ilChapter 3and Chapter 4, a spectrum
analyser was initially used to detect the mechanical resonances of the structure by measuring the
signal arising from fluctuations of it®flectivity. Ths is illustrated inFigure5.4 (b). For the
mechanical excitation of the structure, a frequency response analyser (Moku:Lab) wae dsieeé t
the piezoelectric with a sinusoidal signal and record the signal arising from reflected and

transmitted lidht modulatedby thevibratingmetamaterial, sed-igure5.4 (c).
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Figure 5.3 The piezoelectric chip used to drive the nanomechanical metamateriéh) Thepiezoelectricchip was
mounted on a brass diskith grooves for electrical isolation and a hole for transmission illumination of membrane
samples (b) The membrane supporting frasareplaced on top of the piezoelectric.
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Figure5.4 Experimentalsetup for bistability measurements(a) Schematic of the setup. (b) Detection of mechanical
resonances due to thermal motioDetection of the resonances is performed by a spectrum analyseExcitation of
the structure by application of an AC sigrathie piezoelectricThe modulated signal is detected by a frequency response
analyser.

5.3.2 Design of freestanding membranes for nonlinear metamatesial

Snce the structures fabricated so far are surrounded bymach largerfreestanding
membrane, excitatiorof the whole system via the piezoelectric elemenill inevitably leadto
oscillations of the supportingnembrane imposing challenges on the identification of the
resonances arising from oscillation of the metamaterial beams. To address this chaliemge

membrane windows were designed to allow clamping of the metamaterial beams on the
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supporting silicon frameluring FIB millingThe new custommembrane windows were designed

by me and Eric Plum and were fabricated by Norcada Inc. They consist of rectangular slits 400
microns long. Each silicon frame supports 8 slits with varying width frosm/s 10>m as can be

seen inFigure5.5. The membranes consisf 50 nm thick low stress (<250 MPal)licon nitride.
Figureb.6 shows a photograph afne ofthe fabricated chipalong with a microscopgansmission

image of one ofts membrane windows.
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Figure5.5 Finalized Norcada design for rectangular membram@dows. Units:>m

@)

5mm

Figure 5.6 Silicon frame supporting rectangular silicon nitride membraneg&) Photograph of an entire chip. (b)
Microscope imge ofa fragment of an individal membrane.

The nanomechanical beams were FIB milled parallel and across the entire width of the
membrane window. The goal of using membrane windowsuch shape is twofold. First, to realize
true fixed boundary conditions for ¢hbeams as their ends end up being supported by the
membranesupporting silicon frame. This allows the tensile stress in the beam structures to
increase upon oscillation, leading to the emergence of the cubic nonlinear term in Equation (5.1).
Second, it islates the beams from the rest of the membrane ensuring that membrane resonances
R2 y2d I FFSOG GKS Figuieh NsdntnarReskomé of theNbicatiBnyfesutston
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rectangular membranes of around 8n width. The structure presented ikigure5.7 (b) was
selected for the experiments, since having a pair of oscillatiegamaterial beamsallows the
identification of the detected mechanical resonances as already demonstrated in Chapter 4.
Attempts to mill thesurrounding bilayer membrane aroursdich structures (as seen kigure5.7

(c)) led to deposition of material around the sides of the beasasFigure5.7 (d) and such samples

were thus discarded.

Figure5.7 Fabrication results on rectangular membrane window$a) SEM image @ febricated metamaterial array
The membrane measuresound 16>m in width. (b)image of themetamaterial beam pair used in the experimental
detection ofbistability, taken at amngle of 52. (c), (d)images of bam pairs having the surrounding membrane remqved
taken at an angle of 52

5.4  Bistability in nanomechanical metamaterials

Figure5.8 (a) shows the geometric details of the unit cell of the fabricated struatoresisting of a
narrow beam with a width of 230 nm and a wider ahat is280 nm wide The fabricated structure

presented inFigureb5.7 (b) andFigure5.8 (b) measures 15.8m in length supporting 14 plasmonic

71



































































































