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Chapter 1

Motivation

In classical mechanics, a phonon designates a normal vibrational mode, and it is naturally related to
the concept of acoustic waves. Likewise, a phonon is the quantum mechanical description of an elementary
vibrational motion in which a lattice of atoms or molecules uniformly oscillates at a single frequency. Every
physical property of a solid-state system determined by the position of the atoms can be strongly affected
by the presence of phonons. Acoustic phonons are usually seen as a primary source of unwanted effects in
electronics, optoelectronics, and quantum technologies based on solid-state platforms. This work presents
a series of nanodevices where acoustic phonons constitute, instead, a central resource to study novel
physical phenomena. By controlling the acoustic phonons and their interactions with other excitations, a
new degree of freedom appears in the design of solid-state devices.

Recent advances in phonon engineering have shown that it is possible to control the phonon dynamics and
interactions in a wide range of systems and materials.'® Exploiting the interactions of phonons with other
excitations requires the full engineering of the phononic landscape in nanostructured systemes, i.e., the local
density of states and the confinement properties through phononic resonances.?’ The flourishing activity
in nanomechanics, cavity optomechanics,?, and electromechanics is based on novel architectures to confine
phonons; we can cite a few examples: microdisks,**® microtoroids, photonic/phononic crystals'**?, "zipper"
resonators,'** liquid resonators,>'® among many others*'’. Stunning acoustic phenomena have been
recently reported, including the coupling between a superconducting qubit and a vibrational mode,*8 the
hybridization of mechanical resonators and electrical microwave cavities,’® the use of mechanics to
interface microwaves and optical photons,?° the coupling of propagating surface acoustic waves (SAWs) to
a superconducting qubit of the transmon type?! and the demonstration of an acoustic Hong-Ou-Mandel
experiment.?? Most of the resonators used in these demonstrations rely entirely on the quality of top-down
microfabrication methods, imposing limitations on the smallest feature in the system and thus in the
highest achievable frequency. Consequently, these and other appealing results were obtained mainly in
the low-frequency regimes, from kHz to hundreds of MHz, reaching a few GHz in some particular cases.

In the early stages, the control of acoustic phonons was strongly inspired by developments in
nanophotonics,?*28 in particular by photonic crystals. Nanophononics»?28 evolved as a new field of physics
proposing the engineering of phononic fields at the nanoscale and ultrahigh frequencies. Some of the
milestones in ultrahigh-frequency nanophononics include the demonstration of an acoustic nanocavity?-
31 the report of phonon lasing effects3?7%, the use of piezoelectric transducers in the sub-THz regime®, a
laser mode feeding by ‘shaking QDs’,%® the study of phonon dynamics in nanoparticles®” and complex
systems3®, the subwavelength acoustic imaging using acousto-plasmonics,*>*° and the magneto-acousto-

plasmonic*! structures, and the study of phoXonic structures342™*° just to name a few.

Several characteristics make nanophononics a promising research field: i) taking advantage of the
interaction with optical systems, acoustic phonons could be used to develop ultra-high frequency acousto-
optic modulators; ii) the small thermal occupation numbers associated to ultrahigh frequency acoustic
phonons imply that for resonators working in the tens of GHz, it is feasible to reach the quantum regime
with standard cryogenic techniques, enabling quantum nanoacoustics; iii) through their interactions with
other excitations, acoustic phonons can be used to interface different (quantum) platforms; iv) the short
wavelength can be directly associated with higher resolution in the development of novel nanoscopies; v)
acoustic phonons are one of the main heat carriers, and nanophononics could propose innovative thermal
management schemes;**™*® and vi) the long mean free path, short wavelength, and the possibility of
transducing the signals into other fields make nanoacoustics a perfect platform to study wave-dynamics

phenomena that are difficult or impossible to investigate in electronic or optical systems. In a nutshell,
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Motivation

nanophononics is a versatile platform to simulate wave phenomena and is relevant for developing novel
thermal management strategies, non-destructive testing tools, optomechanical platforms, and quantum
technologies.

While the objectives and potential are clear, the path is still uncharted. Many fundamental questions in
nanophononics remain unanswered: how can acoustic phonons be efficiently generated and detected?
How can we confine them and control their propagation? What is their mean free path, and how is it
affected in nanostructures? How can the interactions with other excitations be engineered and controlled?
Can phonons be used as nanoprobes? Can phonons carry information? How can we use acoustic phonons
to study the dynamics of other solid-state phenomena? All these questions can be grouped around three
challenges: master the transduction mechanisms beyond the few-GHz range, manipulate the local acoustic
density of states and confinement properties and control the phonon dynamics and transport.

My activities in this field started in 2004, in the Laboratorio de Propiedades Opticas of the Centro Atomico
Bariloche, in Argentine. During my MEng, under the direction of Prof. Alejandro Fainstein, we developed
the first series of complex devices, including mirrors and cavities. These devices have constituted the
building blocks to explore novel physical phenomena during my career. As part of a cotutelle program, |
carried out my Ph.D. between the Instituto Balseiro, Universidad Nacional de Cuyo (Argentine), and the
Institut des NanoSciences de Paris, Université Paris 6 (France), under the direction of Prof. Alejandro
Fainstein and Prof. Bernard Perrin. During this time, | investigated the phonon dynamics in nanometric
multilayered structures, work that | continued as a researcher in Argentine until October 2010.

In 2010, | joined the group of Prof. Xiang Zhang at the University of California at Berkeley. During my
postdoctoral research, | theoretically proposed and experimentally demonstrated acousto-plasmonic
devices, addressing the use of antennas to detect complex phonon modes' spatial properties through the
interplay between plasmons and phonons. | also participated in other research activities related to general
plasmonics, optical metamaterials, and the development of optoelectronic devices.

From 2013 to 2015, | joined the groups of Prof. Pascale Senellart at Laboratoire de Photonique et de
Nanostructures (LPN) and Prof. lvan Favero at the Laboratoire Matériaux et Phénoménes Quantiques
(MPQ) in France. We obtained the first results on the characterization of micropillar optophononic
resonators, | was trained in the physics and fabrication of single-photon sources, and we acquired the first
spectra of topological nanophononic interface modes.

Since 2015, | work as a tenured researcher of the CNRS at the Centre de Nanoscience et de
Nanotechnologies (C2N) in Palaiseau, France, developing a full research line in nanomechanics and
nanophononics. In 2016 | was awarded an ERC Starting Grant for a project on nanophononics, which
constitutes the backbone of my research.

This manuscript condensates my contributions to the field of nanophononics. | organized it around
challenges, highlighting some relevant results obtained during my career and showing their relevance and
implications for the research field. In each chapter, | present the conclusions and outline some future work
perspectives following the main results and reference some of the articles related to the main contributions
presented in the chapter.

Chapter 2 is devoted to briefly introducing the fundamentals of nanophononics in heterostructures,
presenting the experimental techniques, and giving the reader the necessary references to address the
content of the following chapters. The simplest acoustic phonon devices are presented in this chapter:
mirrors and Fabry-Perot acoustic cavities based on nanophononic crystals. The phonon dynamics in these
devices is studied in the time domain by pump-probe coherent phonon generation and high-resolution
Brillouin scattering in the spectral domain. The nanophononic devices are optimized to work in the 10-1000
GHz range.

In Chapter 3, | address the band engineering concept to control the acoustic phonon dynamics. These ideas
allow us to present two strategies following the nearly-free-electron and the tight-binding models to
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Motivation

simulate and mimic a variety of Hamiltonians in solid-state physics. In particular, | introduce the Bloch
oscillations of acoustic phonons by implementing linear potentials. Extending the electronic and acoustic
bands analogy allows us to propose topological acoustic systems at the nanoscale.

Acoustic phonons in the hundreds of GHz present wavelengths that are at least one order of magnitude
shorter than visible photons. In this frequency range, nanophononics meets classical Raman and Brillouin
spectroscopies. When considering audible acoustic waves, or ultrasound, the opposite is true: the optical
wavelength is much shorter than the acoustic wavelength: this is the domain of classical photothermal and
photoacoustic effects. But, what happens when the wavelength of the light matches the wavelength of the
sound? And more importantly, how can we engineer these conditions in real-life samples? Chapter 4
explores resonators based on GaAs/AlAs that can simultaneously confine near-infrared photons and
acoustic phonons of around 20 GHz. We analyze three cases: i) Fabry-Perot resonators for light and sound;
ii) optophononic topological modes, and iii) Anderson localization in perturbed periodic superlattices.

The devices presented in the previous chapters are based on planar structures, where the acoustic density
of states presents variations in one direction. For most applications, however, it is necessary to reach full
control of the three-dimensional density of states. Chapter 5 presents two kinds of opto-phononic devices
that rely on the confinement of light and sound in the three dimensions of space: semiconductor micropillar
cavities and acousto-plasmonic metasurfaces.

Chapter 6 discusses the main ideas of my scientific project's core in the upcoming years, organized around
three main open challenges in nanophononics: transport and confinement, the quantum regime, and
tunability.
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Chapter 2

Fundamentals of one-dimensional nanophononics

Phononic crystals, the acoustic equivalent of photonic crystals,?>?* have potential applications in
studying fundamental wave phenomena, non-destructive characterization, quantum technologies, and
thermal transport. Recently, phononics and, more specifically, nanophononics became a very active field
of research. There are, however, early reports such as the work of Narayanamurti et al. in 1979, where
the authors investigate the propagation of high-frequency acoustic phonons through a superlattice. Usually
inspired by photonics concepts, a plethora of nanophononic devices based on phononic Bragg reflectors
were reported over the last decades: mirrors, cavities,>” and filters,?%°%>! among others.

Two simultaneous developments accelerated the progress of nanophononics. On the one hand, the fast
advancements in growth and fabrication techniques, mostly motivated by the nanoelectronics and
optoelectronics communities, enable the generation of acoustic structures on the nm scale; on the other
hand, the proposal of novel experimental techniques based on pump-probe schemes to study acoustic-
phonon dynamics.>>*3

This chapter briefly introduces one-dimensional mirrors and cavities, the simplest nanophononic devices,
and two widely used experimental techniques to characterize them, pump-probe coherent phonon
generation and spontaneous Brillouin scattering.

2.1 Simple nanoacoustic devices: mirrors and cavities

In general, the dispersion relation of acoustic phonons in a bulk material is approximately linear. A
superlattice (SL) of two materials with contrasting acoustic impedances results in a folding of the acoustic-
phonon dispersion relation, with gaps appearing at the new Brillouin zone center and edge (see Figure 1).
Finite-size SLs present high-reflectivity stopbands that are associated with the bandgaps of their periodic
infinite counterparts.

A periodic multilayer constitutes one of the simplest
semiconductor nanophononic devices: a mirror. Similar to
‘‘‘‘‘‘ i the electronic and optical analogs, these one-dimensional
T phononic crystals can be engineered and optimized. The
relevant engineering parameters are the speed of sound
and the acoustic impedance of the used materials. The
acoustic impedance is defined as the product of the speed
of sound times the mass density.

]

300

AT

w(cm)

By looking at the wave equations describing the
propagation of acoustic and electromagnetic waves through
an interface, and the corresponding boundary conditions,
the contrastin the indices of refraction can be related to the
contrast of the acoustic impedances in the materials. The
& sound speed determines the acoustic wavelength for a
q (A_!) given frequency, while the speed of light determines the

Figure 1: Phononic dispersion relations of GaAs and  optical wavelength.>*>®
AlAs. A superlattice of made of the two materials induces
a folding and the opening of minigaps at the Brillouin
zone edge and center. Adapted from Ref. 57.

100

Phonon mirrors are usually optimized for a single
polarization and a single propagation direction. Unless the
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Fundamentals of one-dimensional nanophononics

contrary is stated, in this work, we address exclusively longitudinal acoustic phonons propagating in the
direction where the modulation of the elastic properties is present.

~—~

4>0.0 Let us focus on the typical design of an
E 10l ] acoustic distributed Bragg reflector (DBR).
A (M4, 3A/4)n array of (GaAs/AlAs)
207 bilayers for a frequency of 600 GHz has
3.0 . associated a reflectivity curve as shown in
: : : : , , Figure 2. The first stopband is associated

| i | '

with the first minigap at the Brillouin zone
edge, while the second stopband is
associated with the first minigap at the
Brillouin zone center. The maximum
achievable width of this stopband, and
generally speaking the bandgaps' width, is
directly related to the contrast in acoustic
impedances of the two materials used in
the structure.>>°¢

=
o
T

o
o
T

o
o)
T
1

o
SN
T
1

Acoustic reflectivity Wavevector (
o
N

o
o
o

200 400 600 800 1000 1200 The almost linear dispersion of the
Energy (GHz)

Figure 2: Phononic Bragg reflector made of a (A/4, 3A/4), array of a_COUStIC phongn allows working
(GaAs/AlAs) for a frequency of 600 GHz. Top panel: associated dispersion simultaneously with several orders of the
relation of an infinite superlattice. Bottom panel: calculated acoustic minigaps without Iosing physical

reflectivity considering an infinite GaAs surrounding medium. . .
meaning. As a counter-example, if an

optical semiconductor DBR made of GaAs/AlAs bilayers is optimized to work at 900 nm, the second-order
minigap would fall in a region of strong absorption. In the case of acoustic stopbands, the elastic properties
remain roughly constant over large energy bands.

The thickness ratio (A/4, 31/4) maximizes 1.0 - ZE0 ZC[1] ZE[2] ZC[2] ZE[3]
the second minigap, i.e., the first minigap at
the Brillouin zone center. Figure 3 shows
the reflectivity as a function of frequency
and thickness ratio for a DBR with a first
minigap at the Brillouin zone center at 20
GHz. We observe that the first minigap
reaches a maximum width at (A/2, A/2),
while the second minigap does it at (3A/4,
A/4) and (L/4, 3L/4). The n'M-order minigap
closes n+l times when spanning the
thickness ratio from 0 to 1. The contrast in
the acoustic impedances, thickness ratio,
and the number of SL periods determine

the reflectivity of a DBR.>">8

0.8

0.6

0.4

AlAs/GaAs thickness ratio

0.2

10 20 30 40 50

Frequency (GHz)

Figure 3: Intensity map showing the acoustic reflectivity of a
o . (GaAs/AlAs), SL as a function of the frequency and thickness ratio in the
Although periodicity is usually associated  unit cell. Notice how the minigaps open and close as the thickness ratio

with the constructive and destructive varies. ZE and ZC stand for Brillouin zone edge and center, respectively.
interferences generating the stopbands, it

is not a strong requirement. Starting from perfectly periodic structures, we introduced tailored
perturbations to achieve complex functionalities. For example, complex response devices like broadband
reflectors, color and notch filters, and special cavities can be designed and fabricated using optimization

algorithms that break the periodicity by either changing the thickness or the composition of the layers in a
SL.28’50’51’55’59
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Fundamentals of one-dimensional nanophononics

. . . . . . . The second simplest one-dimensional
10} 1 phononic device is an acoustic cavity (see
208l m m | Figure 4).%712 It is the phononic equivalent
% of an optical Fabry-Perot resonator. In this
% 0.6} . nanoacoustic analog, we replace the
o metallic mirrors with two acoustic DBRs, and
i 0.4r | a GaAs crystalline layer forms the spacer.
§ 02t ] The system presents a resonance each time
’\ U\J\J the spacer thickness matches an integer

0 A .

0. . )
100 200 300 400 500 600 700 800 900 1000

Energy (GHz)

number of half-wavelengths, and the
reflectivity of the DBRs determines the

quality factor of the cavity.?>®

5.0t . Widely used in photonics, the

451 . semiconductor optical microcavities based

S 40k i on optical DBRs have shown many

, , , , , , , , applications, being at the base of studies on

40 ] nonlinearities, polaritonics, spectroscopy,

7 39 ) and quantum devices.®**? The similarities

S 30t ] between acoustic and optical systems imply

-c% 251 1 that all the know-how developed in

o 20r 1 photonic systems could be easily mapped
§ 15+ 1 into nanophononics.>®

12_ 1 The acoustic reflectivity of the mirrors

0 , , , | determines the quality factor of the

0 20 40 60 80 100 120 140 160 resonator. The cavity mode's spectral

Position (nm)
Figure 4: Acoustic nanocavity made of two DBRs (A/4, 31/4)10 and a . GaAs
spacer. Top: calculated acoustic reflectivity. Bottom: displacement profile
corresponding to the 600 GHz confined mode showing an enhancement of
the field at the spacer position.

position is mainly determined by the
spacer's thickness, being the standard case
an integer number of half-wavelengths. It is
worth noting that due to symmetry reasons,
cavity spacers of an integer number of wavelengths result in Raman-inactive modes. An acoustic cavity
working at 600 GHz, formed by two DBRs (A/4, 31/4)10and a A GaAs spacer has a total thickness of ~175
nm, and typical Q-factors reach values of 103-10%.1%%3

2.2 Experimental techniques

Beyond a few GHz, in addition to the limitations encountered in the fabrication of top-down
nanomechanical resonators, there are no standard and efficient transducers that allow us to generate and
detect acoustic vibrations. Thus, most of the experiments rely on optical techniques. This section discusses
the experimental details of two flagship experiments in nanophononics: spontaneous Brillouin
scattering®® and pump-probe coherent phonon generation and detection experiments.’?% These
techniques allow accessing the spectral and temporal characteristics of the studied devices. For the sake of
simplicity, we do not discuss noise spectroscopy techniques and stimulated Brillouin scattering, usually
used in optomechanics experiments and in fibered platforms.

2.2.1 Raman and Brillouin scattering
A simple Raman/Brillouin scattering experiment consists of the excitation of a sample using a continuous
wave laser and analyzing the scattered light using a spectrometer. A small fraction of the incident light
inelastically scatters. The difference in the energy between the incident and scattered light is directly
related to the scattering media's excitation energy. When the considered excitations are acoustic (optical)
phonons, the process is usually referred to as Brillouin (Raman) scattering. Figure 5 shows a scheme of the
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Fundamentals of one-dimensional nanophononics

experimental setup. In this work, we focus our attention on the backscattering configuration, i.e., the
scattered photons propagate in approximately the opposite direction of the incident laser.

PC Spectrometer

One of the major experimental challenges is
eliminating the stray light due to the low
intensity of the involved signals and the intense
laser's spectral proximity. Optical microcavities

; Laser can be used to enhance the signals. Introduced

74— Focalization lens eekl by A. Fainstein in nanophononics, the idea

T - behind the double optical resonance is to

Collection lens laser strongly enhance both the incoming (excitation)

— (32322) and the scattered (Raman/Brillouin) fields. To

Sample —p, 2@ Cryostat (4K-300K) s simultaneously achieve an incoming and

Figure 5: Schematics of a generic Brillouin scattering setup where a
CW laser excites a sample located in a cryostat. The scattered light is

collected and analyzed by a spectrometer.

outgoing resonance at slightly different
wavelengths, it is possible to use the angular
dispersion in planar optical microcavities.®>%°

The double optical resonance (DOR) condition is

achieved by exploiting the in-plane photon dispersion of the optical cavity mode. The wavenumber k of the
optical mode in the cavity can be decomposed as k =k, + k;; where k/, is the in-plane component and k; is

the normal component. The resonance is
achieved for a given k,. The in-plane component
k;; increases with the angle of incidence.
Therefore, keeping k. constant and varying k;,
implies a blue-shift of the optical cavity resonance
when tuning the angle of incidence away from the
surface normal. Both Stokes and anti-Stokes
processes can be selectively enhanced by
adequately choosing the incidence and collection
angles. Under this condition, the excitation laser
and the Brillouin scattered signal are coupled to
the optical cavity mode.

In the top panel of Figure 6 we show the
calculated acoustic reflectivity of an acoustic
cavity optimized for 18 cm™. The lower panel
presents the Raman scattering spectra measured
on a hybrid optophononic sample measured
under DOR conditions.®® Usually, the samples
consist of an acoustic structure acting as the
spacer of an optical cavity. In this way, the signal
is strongly amplified. The spectra were taken on
different positions of a wafer grown with a
gradient, so the optical cavity resonance is
position-dependent. A clear, intense peak at ~18
cm? indicated CM corresponds to the confined
acoustic phonons in an acoustic nanocavity.®® The
rest of the peaks in the spectra correspond to
modes distributed over the DBRs. The spectrum

ZE[1] ZC[1] ZE[2] ZzC[2] ZE[3] ZC[3] ZE[4]
T T T T T T T T T T T T 71.0
> (@)
S o 410.8
g L 106
5 {04
o 410.2
5 L L L Il L L Il L L L Il L A O'O
5 10 15 20 25 30 35 40 45 50 55 60 65
Energy (cm™)
c™m
c
=}
o
)
2>
‘®
c
I
£

Energy (cm™)

Figure 6:Top panel: calculated reflectivity of the acoustic nanocavity.
Bottom panel: measured Raman-scattering spectra varying the spot
position on the sample taken at room temperature with an incidence
angle of ~15° and a laser wavelength of 815 nm Continuous lines
indicate the acoustic band-gap positions; the dotted line is a guide to
the eyes for the optical mode spectral position. CM, ZCJ[2], and ZCJ3]
stand for cavity mode in the first minigap at the Brillouin zone center,
and second and third folded acoustic phonons at the Brillouin zone
center, respectively. The inset shows a schematics of the sample.
Adapted from Ref. 69.

highlighted in red corresponds to the particular DOR condition. Further details and examples of hybrid

optophononic samples and the DOR condition can be found in refs.

7,59,59,63,65,67,69-71
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Fundamentals of one-dimensional nanophononics

2.2.2 Coherent phonon generation and detection
Proposed initially by Thomsen et
al.,’>*?® the technique uses

st Frichsain PC ultrafast laser pulses. A Titanium:

F— } ; Sapphire laser produces fs/ps
Aﬁgiﬁﬁa‘:s:”,ﬂ P, pulses at an ~80 MHz repetition

(= g\_}x rate in a standard scheme. The

i Bolizar laser beam is split in two (pump

Delay line and probe) following different

A ) __Cryostate  paths, as shown in Figure 7. The

|+ » I & o 4 e probe beam passes through a

e Polarizing ; \ mechanical delay line to control

Tw epensplitier Focla;iﬁsation Sample the relative delay between pump

e e P —— LS and probe pulses. The pump beam
(5320m ) '— (720nm - 1064nm) |7 goes through an acousto-optic

modulator allowing synchronous
detection using a lock-in amplifier.
Both beams are focused on the sample. The pump pulse impulsively generates coherent phonons with
periods much longer than the pulse duration.”> These phonons modulate the optical properties of the
sample with GHz frequencies. We use a cross-polarization scheme, and a photodetector measures the
resulting changes in the delay-dependent reflectivity experienced by the probe pulse. A lock-in amplifier
extracts differential reflectivity time traces like the ones shown in Figure 8. By Fourier transforming the
time traces, the frequencies of the coherent acoustic phonons are recovered. In this case, the sample
consists of an optimized DBR to work at frequencies slightly higher than 1 THz.

Figure 7: Schematics of a generic pump-probe coherent phonon generation setup.

We can mention the different processes that participate in the coherent phonon generation: photothermal,
deformation potential, and electrostriction. We can identify two main mechanisms for detecting coherent
acoustic phonons: the displacement of the interfaces in the studied sample and the change in the materials'
dielectric function.>>%37273 The choice of materials and structures thus becomes an integral part of the
design of the experiments.
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Figure 8: Pump-probe measurements on an acoustic superlattice (A/4, 3A/4) made of (AlIAs/GaAs). (a): Time trace of optical reflectivity
measured on a superlattice. The inset shows a detailed view of the reflectivity oscillations induced by the coherent acoustic phonons.
(b): Fourier transform of the reflectivity temporal evolution, after having removed the low frequency components. The red circles and
blue rectangle indicate the peaks associated to mechanical modes verifying q = 2k; and q = 0, respectively. The inset shows the band
diagram of the associated superlattice.

2.2.3 Beyond the standard techniques
Recently, we proposed a versatile Brillouin spectroscopy scheme to measure acoustic phonons in the 20-
300 GHz frequency range without optical wavelength restriction, thereby overcoming the limitations of
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existing optimized Raman and Brillouin spectrometers.”* The experiments were performed on
semiconductor optophononic planar cavities with typical quality factors of ~2000, where the mode of the
optical cavity enhances the Brillouin scattering signal. We proposed combining angular and spectral
filtering techniques to observe the confined acoustic modes in the Brillouin spectrum with sufficiently high
spectral resolution and contrast. The angular filtering is implemented with a single-mode fiber to efficiently
filter out stray light from the laser and increase the signal-to-background ratio. The additional spectral
filtering is implemented through a tandem of an etalon and double Raman spectrometer. This combination
has enabled us to observe the low-frequency acoustic modes of a cavity at 20 GHz with a simple etalon,
otherwise concealed in the excitation laser background.”

Concerning the efficient generation of coherent acoustic phonons, it relies on an efficient coupling of the
pump field into the system, while the sensitive detection of phonons requires an efficient coupling of the
probe to the optical mode undergoing a phonon-induced modulation. The main practical challenges for
implementing this technique are 1) stability, 2) reproducibility, and 3) high power densities limiting the
range of compatible samples. We recently integrated fibered systems to eliminate any optical alignment
on the sample, thus simultaneously solving the three aforementioned main problems.”” This
implementation is discussed in Chapter 5.

2.3 Discussion and conclusions

In this chapter, we presented two simple one-dimensional acoustic devices at the nanoscale: mirrors and
cavities. These devices are based on multilayers forming one-dimensional phononic crystals. As such, the
wavelength of the considered phonons determines the characteristic length. Traditionally, the devices'
functionality arises from a periodicity in the multilayer, as in distributed Bragg reflectors. By combining two
DBRs separated by a spacer, it is possible to construct an acoustic cavity with resonances similar to a Fabry-
Perot resonator. The characteristic thickness determines the operating frequency of the device. In this
way, the multilayers allow reaching two different acousto-optic regimes. When considering frequencies
higher than 100 GHz, the multilayer acts as an effective medium for light, and a large number of layers can
be grown using MBE.2°05556.76 This is particularly relevant when studying samples like the ones proposed
in Chapter 3. When considering phonons of ~20 GHz, the wavelength of the acoustic phonons matches the
wavelength of NIR photons. This particular case is addressed in Chapter 4 for GaAs/AlAs heterostructures.

The multilayers are far from their limits in terms of applications. For instance, using the discrete modes of
acoustic resonators, they can constitute the building block of complex structures able to simulate solid-
state phenomena. This strategy is briefly presented in Chapter 3. By etching planar wafers into micropillars'
shapes, it is possible to induce three-dimensional confinement, thus engineering the local 3D acoustic (and
optical) density of states, and it constitutes part of the subjects presented in Chapter 5.

The presented GaAs/AlAs devices are compatible with quantum dots and quantum wells, giving access to
novel physical phenomena where the engineering of the acoustic degree of freedom appears as a new knob
to design optical, optoelectronic, and quantum devices. Some of these ideas are presented in Chapter 6.

Contributions related to this chapter

Since my Ph.D. | contributed to the conception of samples combining optical cavities and acoustic cavities
working in the 20 GHz — 1 THz. Over the last years, my team developed and implemented novel experimental
protocols and techniques that allowed us to unveil acoustic phonon dynamics and control the light-matter
interactions in multilayered structures.

10 N. D. Lanzillotti-Kimura



Fundamentals of one-dimensional nanophononics

Subterahertz Phonon Dynamics in Acoustic Nanocavities

Huynh, N. D. Lanzillotti-Kimura, B. Jusserand, B. Perrin, A. Fainstein, M. F. Pascual-Winter, E. Peronne, and A.

Lemaitre
Phys. Rev. Lett. 97, 115502 (2006).

Coherent Generation of Acoustic Phonons in an Optical Microcavity
N. D. Lanzillotti-Kimura, A. Fainstein, A. Huynh, B. Perrin, B. Jusserand, A. Miard, and A. Lemaitre
Phys. Rev. Lett. 99, 217405 (2007).

Resonant Raman Scattering of Nanocavity-Confined Acoustic Phonons
N. D. Lanzillotti-Kimura, A. Fainstein, B. Jusserand, and A. Lemaitre
Phys. Rev. B 79, 035404 (2009).

Nanophononic Thin-Film Filters and Mirrors Studied by Picosecond Ultrasonics
N. D. Lanzillotti-Kimura, B. Perrin, A. Fainstein, B. Jusserand, and A. Lemaitre
Appl. Phys. Lett. 96, 053101 (2010).

Enhancement and Inhibition of Coherent Phonon Emission of a Ni Film in a BaTiO 3 / SrTiO 3 Cavity
N. D. Lanzillotti-Kimura, A. Fainstein, B. Perrin, B. Jusserand, A. Soukiassian, X. X. Xi, and D. G. Schlom
Phys. Rev. Lett. 104, (2010).

Coherent Control of Sub-Terahertz Confined Acoustic Nanowaves: Theory and Experiments
N. D. Lanzillotti-Kimura, A. Fainstein, A. Lemaitre, B. Jusserand, and B. Perrin

Phys. Rev. B 84, 115453 (2011).

Mesoporous Thin Films for Acoustic Devices in the Gigahertz Range

N. L. Abdala, M. Esmann, M. C. Fuertes, P. C. Angelomé, O. Ortiz, A. Bruchhausen, H. Pastoriza, B. Perrin, G. J. A.

A. Soler-lllia, and N. D. Lanzillotti-Kimura
J. Phys. Chem. C 124, 17165 (2020).

Fiber-Based Angular Filtering for High-Resolution Brillouin Spectroscopy in the 20-300 GHz Frequency Range
A. Rodriguez, Priya, O. Ortiz, P. Senellart, C. Gomez-Carbonell, A. Lemaitre, M.

and N. D. Lanzillotti-Kimura
Optics Express 29, 2637, (2021).

N. D. Lanzillotti-Kimura

Esmann,

11



Fundamentals of one-dimensional nanophononics

12 N. D. Lanzillotti-Kimura



Chapter 3

Nanophononics as a simulation platform
for solid-state physics

Nanophononic structures could provide the means to mimic and study solid-state physics phenomena
challenging or impossible in optical and electronic platforms. A wave equation describes the propagation
of acoustic waves in solid media, where the relevant parameters are the material mass density and sound
velocity. The boundary conditions establish the connection between displacement and strain between two
different materials. By mapping the wave equations from quantum mechanics and electromagnetism,
concepts previously applied to electrons and photons can be directly extended to phononic structures. For
frequencies in the GHz-THz range, the phonon wavelength is only a few nanometers, and thus the total
sample thickness results much thinner than the optical equivalents. The required interface layer quality is
achievable with molecular beam epitaxy technology and other standard growing techniques. Acoustic-
phonon mean-free paths are long compared to the structure size (typically below one micron), and thus
dephasing is not an issue as in the case of electronic crystals. Equally important, the available picosecond
ultrasonic techniques give direct access to the waves' amplitude and phase information.

The acoustic phonons lack charge, and thus accelerating them, or equivalently changing their kinetic energy
results, at the very least, challenging. This chapter explores two approaches to simulate the effects of
effective potentials for acoustic phonons. By performing an engineering of the band structures in SLs and
coupled-cavity systemes, it is possible to slow down a wavepacket, change the sign of propagation, and
manipulate different mode symmetries. The latter allows us to study the topological properties of
nanoacoustic superlattices and implement topological interface modes.

3.1 Mimicking the tight binding and nearly free electron models

Effective potentials for acoustic phonons can
number of cell

be implemented based on the engineering of 1 5 10 15 20 25 30 35 40
band structures to modify the group velocity ﬁ !
over a multilayered structure. The bands can L . ]
arise from periodic superlattices® or coupled 310 1r

identical acoustic nanocavities®>®®, i.e., the

acoustic equivalent of coupled-resonator
optical waveguides (CROWs)”’~7°,

Frequency (GHz)

300 ..00 vc..
Acoustic  nanocavities provide localized ..' '..
acoustic states similar to the confined o ‘e,
electronic levels in atoms and quantum wells. 290|""°""" *®esccccsedf;
The cavities can couple through DBRs, leading 0.0 0.2 0.4 0.6
to the formation of phononic minibands, Position (um)

mimicking the tight-binding model.”® The Figure 9: Top: Schematic of an adiabatic perturbation induced in a periodic
.. , . . structure of 43 unit cells. The grayscale indicates the ratio of AlAs/GaAs
minibands' width and the effective sound o cach cell. its modulation follows a cos? shape between cells 6 and 38.

velocity in these structures can be engineered In the extremes of the structure, the ratio is (1/4, 31/4) while at the center

. . . it reaches (A/2, M2). Layer thicknesses for cells with at the extremes are
by the appropriate choice of the acoustic DBRs. 4.72 nm and 11.95 nm for AlAs and GaAs layers, respectively. Bottom:

The reflectivity of the mirror between two Localacoustic band structure representing the minigap edges for each cell

f : ih as a function of position. Each vertically aligned pair of dots corresponds
spacers fjetermmes_ .the hOF)plng probability to the minigap edges associated with each cell. Adapted from Ref. 55.
from adjacent cavities, while the resonant
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frequency of the cavities can easily tune the energy of the acoustic bands. The implementations based on
this concept benefit from the versatility and simplicity of the structure. A spatial-dependent energy
gradient, equivalent to the electric field for electrons, can be achieved, e.g., by varying the layer
composition or thickness. Following this approach, we can map previously explored optical
phenomena?>%%#% into a nanoacoustic platform. The dynamics of phonons can thus be tailored by coupling
acoustic cavities in double®®#182 and multiple cavity devices.>®78183

An alternative strategy to implement effective phonon potentials consists of directly performing a band
engineering using a SL, simulating the nearly free electron model. In this case, the two relevant parameters
are the energy and bandgap widths, which can be locally controlled by the SL period and relative thickness
between the two materials forming the unit cell. In Figure 9, we show an adiabatic cavity example, where
the SL (A/4, 31/4) with a maximally open second minigap at 300 GHz is adiabatically deformed at the center
to reach (A/2, 1/2) unit cell, closing the minigap. The top panel represents the layer thickness through the
structure, where white layers represent a (A/4, 3A/4) unit cell, while dark layers a (A/2, 1/2). This structure
presents two confined states at ~295 GHz and ~305 GHz and can be compared to an electronic potential
well.>® The implementations based on this concept benefit from smoother structure gradients, and in
general, much thinner samples, allowing the realization of more complex potentials.

3.2 Bloch oscillations of acoustic phonons

15

Electronic Bloch oscillations, i.e., oscillations of an
electron induced by a constant electric field in the
presence of a periodic potential, are a beautiful and
clear example of quantum effects in solids.?*% When
an electric field is applied to a charged particle in a
crystal, its wave vector increases with time. After
1600 that, Bragg interference leads to a velocity reduction
and a sign change at the band edge. Notwithstanding
its simplicity, for many vyears, the issue was
controversial, and only quite recently, the existence
of electronic Bloch oscillations has been
50 experimentally established. In normal crystals, the
large Brillouin zone and electron relaxation lead to
an overdamped behavior characterized by Ohm's
law. Instead, electronic Bloch oscillations are
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Figure 10: Top: Schematic of the coupled nanocavities
nanostructure. Bottom left: Phonon band structure. The central
region (indicated with a double arrow) limited by the thicker black
forbidden bands corresponds to the cavity mode band. L, U, and

12345678 9101112131415

WSL indicate the lower and upper minigaps, and the acoustic
WSL region. Bottom right: Calculated acoustic reflectivity. Red
triangles indicate the resonance energies of the isolated
nanocavities. Adapted from Ref. 76

observable in semiconductor superlattices due to
the Brillouin zone reduction.®®%” Acoustic phonons
have long mean free paths compared with the size of
acoustic resonators, and thus Bloch oscillations are,

in principle, easier to observe.®

To demonstrate the Bloch oscillations of acoustic phonons, we designed a structure formed by
concatenated cavities (following the tight-binding model) where the energy of the it" cavity must differ
from that of the (i-1)™ in a constant value. Such a linear dependence of the phonon cavity-mode energy
with the position, analogous to an electric field for electrons, can be obtained by tuning the cavity widths.
We thus consider a multilayer superstructure where each unit cell consists of an acoustic-phonon mirror
made by (n+1/2) periods [A/4 (AlAs) / 31/4 (GaAs)] in the examples discussed here, followed by a A (GaAs)
cavity. This unit cell is repeated Nc times with layer thicknesses increasing from the surface to the substrate
to have a linear decrease of cavity-mode energy by steps A. We show the associated band structure and
calculated reflectivity in the lower panels of Figure 10. Note that the energy of the individual cavities
(indicated with red triangles) does not match the eigenenergies of the full superstructure (evidenced by
the transmission lines in the reflectivity spectrum).
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Figure 11: Left panel: simulated time evolution of the generated spectrum
between 0.554 and 0.585 THz. The white vertical lines indicate the

positions of the acoustic spacers. Right panel:

experimental signal

treated with a bandpass filter between 0.554 and 0.585 THz. Horizontal
lines are a guide to the eye to rlate the maxima in the detected signal with
the localization of maxima of acoustic deformation in the structure.

Adapted from Ref. 76.

To study the Bloch oscillations, we performed
pump-probe coherent phonon generation
experiments. We filter the measured time-
trace to analyze an individual acoustic wave
packet experiencing BOs, isolated from the
ensemble of acoustic phonons oscillating
within the whole structure (see Figure 11). We
filtered the measured time trace using a
bandpass filter between 554 and 585 GHz. This
band comprises three peaks of the phononic
WSL, which can be related to specific regions of
the sample. Note that oscillations can be
observed and have a very well-defined period
of 95.3 ps, in agreement with the expected
theoretical Bloch oscillations period t of 92.7
ps. The left panel shows the simulated time
evolution of the generated wavepacket.’®

3.3 Effective potentials for acoustic phonons

We have reported how a
series of coupled cavities leads
to the formation of
minibands.*® The miniband
widths and the effective sound
velocity in these structures
can be engineered by the
appropriate choice of the
acoustic DBRs. Moreover, an
effective phonon potential can
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Figure 12: Allowed energy diagram of a
parabolic acoustic phonon potential
with building blocks consisting of GaAs
spacers and 2.5 periods of GaAs/AlAs
DBR. The cavity energies depend
quadratically on cavity number with
respect to the center of the structure, in
such a way that the mode separation
varies from D = 0.24 GHz at the bottom
to D = 8.87 GHz at the edges of the
structure. The gray region corresponds

20

Cavity #

to the miniband originated in the
coupling of cavity modes.

25 30 35

be included in the structures by introducing a spatial variation of the cavity-mode energies.>® The linear

potential presented in the previous section is the simplest one.

76,83

Parabolic potentials have been studied at length in electronics of quantum confined carriers and are usually
associated with a spectrum of equidistant energy states. Figure 12 presents the allowed energy diagram of
a parabolic acoustic-phonon potential.>® The building blocks consist of GaAs spacers plus 2.5 periods of
GaAs/AIAs DBR W|th stopband centered at the same energy of the cavity. The central cavity is tuned at
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M
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Figure 13: Acoustic reflectivity (right) and phonon displacement distribution
as a function of position and energy (left) for the considered parabolic phonon

599.6 GHz, and the energy of the rest of the
building blocks increases symmetrically to
both sides with a parabolic dependence on
cavity number. The mode separation varies
from 0.24 GHz at the bottom to 8.87 GHz at

41600
i the structure's edges. The introduced
—1%85  parabolic  potential determines  the
15, Structure's proper modes, as is clear from
Figure 13, where both the acoustic
555 reflectivity (right) and the phonon
], displacement distribution as a function of
g0 00 02 04 06 08 10 position and energy (left) are displayed.
Reflectivity

For the left panel, the phonons have been
calculated as incident from the left. Darker

potential. Darker regions indicate larger acoustic-phonon intensities. Adapted

from Ref. 56.
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regions indicate larger acoustic-phonon intensities. The acoustic energy can tunnel preferentially through
the generated acoustic modes, leading to sharp dips in the acoustic reflectivity and the more intense
phonon fields evidenced in the figure's left panel. Two critical aspects should be highlighted from this
figure. First, the proper modes of the structure do not coincide with the energies of the cavities that make
the device. The proper-mode energy separation does not grow linearly but, instead, decreases with
increasing energy. Moreover, while the uncoupled cavity modes start at 599.6 GHz and grow up to 674.6
GHz, the proper modes cover a different energy range limited by 554.6 GHz and 644.6 GHz. As follows from
Figure 12, this latter range corresponds to the portion of the allowed energy band limited from the bottom
by the parabolic minigap region and from the top by the lower limit of the higher minigap branch. And
secondly, in contrast to the case of electrons in a parabolic potential that displays an energy ladder that is
linear with mode number N, i.e., the modes are equidistant, for acoustic phonons, this dependence goes
as N3, This behavior follows from the linear energy dispersion of acoustic phonons instead of quadratic
with wave vector, as is the case of electrons.

310

Figure 14: Allowed energy diagram of a
parabolic acoustic phonon potential
with building blocks consisting of GaAs
spacers and 2.5 periods of GaAs/AlAs
DBR. The cavity energies depend
300 fa quadratically on the cavity number with
f:% respect to the center of the structure, in
~such a way that the mode separation

fo  varies from D = 0.24 GHz at the bottom
to D = 8.87 GHz at the edges of the

fi structure. The gray region corresponds
to the miniband originated in the

R —i fo coupling of cavity modes. Adapted from
Ref. 55.
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The acoustic parabolic potential can also be implemented following the nearly free electron model
approach.® In this case, we locally deform a SL to change the local band structure. To obtain a smooth,

effective potential, we choose a structure composed of N = 101 cells and numerically define the structure

parameters (period thickness and thickness ratio) to achieve the desired local band structure for each cell.
In this case, the potential is defined by only the upper energy limit of the bandgap (orange line in Figure
14), as opposed to the case of the tight-binding approach where only the position of the effective bandgap
(and not the width) is changed. It is also important to note that in the SL, the width of the bandgap imposes
a limit on the bandwidth over which the potential is effective. By implementing potentials with a single
superlattice, and due to the relatively overall thin structure, it is possible to experimentally realize complex
potentials that are unrealistic with coupled nanocavities.

The effective potentials defined by design for the acoustic vibrations through the tuning of SLs or the energy
of the cavity modes are entirely arbitrary. We reported linear and Morse potentials and single and double
potential wells using the coupled-cavity and perturbed SLs approaches.”>>® The linear potential case gives
rise to acoustic Bloch oscillations, briefly discussed in the previous section. The versatility of the multilayer-
based nanoacoustic platform allows us to reproduce already known cases from other fields and explore
new regimes and dynamics.

3.4 Band inversion and topological interface modes

Topological invariants have been widely used to describe the quantum Hall effect 83! electrically
conducting polymers %29, and the conception of unidirectional optical waveguides °*%. In periodic media,
topological invariants allow for an efficient description of the information beyond the mere bandgap
existence. For one-dimensional systems, the Zak phase %, i.e., the one-dimensional Berry phase %, is usually
invoked as a topological number 9%-101 For instance, the Zak phases corresponding to two concatenated
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systems determine the existence of an interface mode confined between them. Such a mode is robust
against perturbations in the systems that do not affect their Zak phases' values. First reports have recently
merged these concepts from topology with acoustics in the kHz-MHz range 98192719 | this section, we
introduce topological invariants to superlattice-based nanophononic systems.

One of the simplest realizations of the band inversion principle is depicted in Figure 15. We consider a
GaAs/AlAs DBR with acoustic impedances Zgaas = PoaasVcaas aNd Zajas = PaiasVaias - At a design

frequency f, = 175 GHz the total acoustic path length of the unit cell is set to half a phonon wavelength

A/2, i.e. the thicknesses d of the two layers obey % + dalds %
0

GaAs VAlAs
phonon at frequency f, traversing both layers of the cell.

and a phase of 7 is accumulated by a

I I I II I I %(Hg) %(1_5) %(]4_6) To describe how the overall acoustic path length is
Uit call distributed between the two materials, we define a
parameter —1 < § < 1 as sketched in Figure 15.

Topol. Phase A Topol. Phase B

370k Keeping f, constant, the thicknesses of the layers
0 u(z)m I n are d =26als (1 4 §) and dyp.s = “24s(1 —
% 360 - | GaAs 4f AlAs 4f,
= - i &). The particular case of a DBR made of 1/4 layers
é 350 \ | is therefore described by § = 0, which corresponds
;'; 340k n i to a closed second minigap (see Figure 3).
[V L 1

W BN N

-1.0 0.5 OSO 0.5 1.0 We can follow the evolution of the width of the

acoustic minigap when varying the value of 6

Figure 15: Band inversion and topological phases of a
nanophononic DBR. (top) Schematic of a nanophononic DBR and
its unit cell parametrized by & which describes the relative
thickness of the materials. Dark (light) shades correspond to GaAs
(AlAs) layers. (bottom) Band inversion of the second acoustic
minigap around 350 GHz. Shown are the frequencies of the band
edges (violet and red) bounding the minigap (gray) as a function of
the parameter &. A sign change in & marks the transition between
the topological phases A and B of a DBR. While for <0 the Bloch
mode at the lower (upper) band edge has a symmetric
(antisymmetric) displacement pattern with respect to the centers of
the material layers, these symmetries exchange for 8>0. The band
edge modes are illustrated in the insets. Adapted from Ref. 58.

T/a
egak = f

1
i [
-m/a [ -Lnit cell 2p(2)v(2)?

continuously (shown in Figure 15). The violet and
red lines indicate the frequencies of the two band
edges enclosing the considered gap. In grey, the
span of the minigap is indicated. Exactly at 6 =0, the
edge modes' symmetries undergo an inversion,
marking a topological transition. A topological
transition is usually characterized by topological
invariants such as the Zak phase. The Zak phase of
the acoustic bands can be computed by an integral
across the Brillouin zone as follows %:

(1)
dzuy,  (2)Okun, (2) | dk

Here, un_k(z) is the mechanical displacement of the Bloch mode's cell-periodic part in the n-th band as a
function of position z through the superlattice. As shown in Figure 15, the Zak phases corresponding to the
phononic bands bounding the second minigap from the top and below appear inverted in energy when
crossing the topological transition point at 6=0. It has been demonstrated that the Zak phases
corresponding to the bands below a certain minigap are directly linked to the sign of reflection phase ¢ in
that minigap.%

For the second minigap (first minigap at the Brillouin zone center), the sign of the reflection phase is
determined by the Zak phases of the zeroth and the first bands.*°
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sgn[¢p] = exp [i(ggak + Q%ak)] (2)

To establish the link between the band structure and the reflectivity properties of a DBR, we assume a
semi-infinite DBR terminated at the center of a layer. Terminating the DBR at the center of a layer implies
that the first unit cell is centrosymmetric, as sketched in Figure 15a. In this case, the connection between
mode symmetries and reflection phases can be heuristically understood, since the anti-node (node) at the
DBR surface results in a reflection phase ¢ evolving from 0 to @ (-m to 0) across the bandgap for
8§ <0 (6 > 0). The sign of § directly determines the sign of ¢ for frequencies inside the bandgap >"*°.

Figure 16: Topological interface state at 350 GHz. (a) Local
phononic band diagram of two concatenated DBRs presenting
inverted bands (6=-0.1 for the left DBR and &=+0.1 for the right
DBR). Notice that the Zak phases and the mode symmetries are
inverted at the interface. (b) Phonon reflectivity corresponding to
. the structure indicated in panel (a). Each DBR contains 20
0 Refl. 1 centrosymmetric unit cells. The mode at 350 GHz corresponds to
the topologically confined state, which appears at the center of the

8<0 50 acoustic minigap. (c) Spatial displacement pattern |u(z)| of the
topological interface state at 350 GHz (black) together with the

DBR structure. The mode envelope shows a maximum at the

GaAs interface between the two DBRs and decays evanescently in both
directions away from the interface. Green and blue color schemes

00 100 200 300 400 500 600 ?rirrl:)tRee?pggal regions with different topological phases. Adapted
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Consequently, by concatenating two DBRs with inverted bands as shown in Figure 164, the first one with
6 = —0.1 and the second one with § = +0.1, the resonance condition —that is, the sum of the reflection
phases equal to zero- is automatically fulfilled in the second minigap. Notice that the two DBRs present
exchanged spatial mode symmetries at the band edges. Likewise, in the left DBR, the Zak phases of the
bands bounding the second minigap are inverted with respect to the ones in the right DBR.

To prove the existence of topological states in real

nanophononic systems, we performed all-optical Brillouin 400 F B —Exp
scattering measurements on a planar GaAs/AlAs sample - — Sim.
with a layer structure as sketched in Figure 16 (c). The %300 - - = = Convo-
sample was grown by molecular beam epitaxy (MBE) on a 5200 i luted
(001) GaAs substrate and consisted of two parts: In the =

center, it contains two concatenated acoustic DBRs with g 100

20 GaAs/AlAs bilayers each, designed for a frequency of € i

2fo = 354 GHz and with inverted bands corresponding to 0

the parameter choice § = —0.1 and § = +0.1 for the 1.0 n

left and right DBR, respectively. This acoustic structure is ’E

enclosed by two GaAlAs-based optical DBRs designed for 5

a wavelength of 4,,; = 940 nm such that the acoustic 570'5 i

nanostructure serves as a 24,p; spacer of a resonant S

optical microcavity 567197 A single Brillouin spectrum s 0.0

measured under double optical resonance condition (see L L L L L
Section 2.2.1 and references therein) is displayed in 280 320 360 400 440
Figure 17 (top). Three clear peaks at 323 GHz (A), 360 GHz Frequency (GHz)

(B), and 397 GHz (C) can be observed. Peak B corresponds _. , . .
. . . Figure 17: (top) Experimental Raman spectrum (solid
to the topological interface mode, while peaks Aand Care  black) together with photoelastic model calculation (solid

honons distributed along the DBRs generating Brillouin 6% The model calculation is convoluted wih a
P g g g Gaussian (20=13 GHz) to account for the finite

signals in a backscattering configuration. These peaks are experimental resolution  (dashed red).  (bottom)
Simulated acoustic reflectivity of the sample. The
topological interface mode at 360 GHz corresponds to
peak B in the Raman spectrum. Adapted from Ref. 58
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a general feature of acoustic superlattices and samples formed by DBRs 6971108109,

The simulated acoustic reflectivity of the studied sample is also shown in Figure 17 (bottom). The clear dip
in the stopband around 360 GHz is generated by the topological interface mode between the two DBRs
and can be assigned to the main peak (B) of the experimental spectrum. Notice that if the spatial mode
symmetries of any of the two constituent DBRs are changed, this interface mode disappears, and the
reflectivity would just show the stopband.>® We also demonstrated the existence of these modes with
higher resolution by performing asynchronous optical sampling pump-probe experiments.*°

3.5 Discussion and conclusions

The low speed of sound and the long mean free path of acoustic phonons make the full phononic wave
function information accessible to optical probes. With the availability of state-of-the-art nanofabrication
technologies, engineered acoustic phonons constitute a versatile platform for investigating complex wave
dynamics and localization.

In this chapter, we explored two strategies to simulate and implement potentials for acoustic phonons. The
first one is based on the analogy of a confined mode in an acoustic cavity with the bounded state of a
hydrogen atom. By concatenating multiple cavities, it is possible to simulate the effects of atomic chains,
and in general, a tight-binding Hamiltonian. The second strategy consists of perturbing a periodic
superlattice and changing the local band structure. By smoothly changing the thickness, structure, and
composition of the unit cells in a periodic structure, it is possible to 'bend' the bands and simulate the
effects of a potential for phonons.

Both strategies allow us to simulate the dynamics of acoustic phonons in a plethora of potentials. The
implementation of the linear potential led to the experimental observation of Bloch oscillations for acoustic
phonons.”® A particular case at the edge of the tight-binding and the nearly free electron models appears
when considering a coupled cavities system where the DBRs are just formed by just one layer of AlAs. In
this case, the system can also be understood as a SL of unit cell A/5(AlAs) 41/5(GaAs). We treated this case
of extremely thin DBRs using BTO/STO heterostructures forming a phononic molecule, and an array of
coupled cavities displaying acoustic Bloch oscillations.?!

The celebrated Su-Schrieffer-Heeger (SSH) model**12 describes spin-polarized electrons on a one-
dimensional lattice with staggered nearest-neighbor hopping in the tight-binding approximation, allowing
the formation of topological solitons.'*3'14 The particular importance of the SSH model lies in its ability to
provide a simple yet prototypical example of topological phase transitions in one dimension. By modulating
the number of periods in the DBRs in a chain of concatenated acoustic nanocavities, it is possible to fully
reproduce the physics of the SSH model in a nanoacoustic system, including the generation of edge states
and monomer and trimer interface states.'®

By applying the concept of band inversion to nanophononic periodic superlattices, we have successfully
constructed and measured topological nanophononicinterface states. We proposed a simple model to map
the topological parameters to nanophononics. Contrary to a Fabry-Perot resonator, where two identical
DBRs enclose a resonant spacer, the implemented resonator relies on two different DBRs without any
spacer. This structure can also be associated with the SSH model.>®

The use of acoustic multilayers to study wave phenomena at the nanoscale can be further extended,
considering novel materials in nanoacoustics and unexplored localization phenomena using acoustic
phonons. Quasi-periodic systems have been investigated in photonics, where self-similar structures have
demonstrated the possibility to engineer transport and localization properties. An example is a Fibonacci
array that could be easily implemented for acoustic phonons with the advantage of exploring higher orders
of the array. The Cantor sequence, another example of a self-similar structure, requires building structures
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covering thicknesses of several orders of magnitude different. This can be implemented in nanoacoustic
structures where it is possible to grow from sub-nm to several micrometer layers in the same structure.
The almost linear dispersion of acoustics phonons allows straightforward modeling of the complex array
structure dynamics.

Contributions related to this chapter

Theoretical prediction and experimental demonstration of Bloch oscillations of acoustic phonons in
coupled cavity systems. Experimental demonstration of acoustic coupling effects in oxide heterostructures.
Design and engineering principles for the conception of phononic potentials based on the tight-binding
model (coupled cavities) and nearly-free electron models (bending of acoustic bands). Implementation of a
variety of potentials, including parabolic, Morse, and linear potentials. Theoretical proposal for
implementing topological modes in nanoacoustics and experimental demonstration of topological acoustic
modes in the nanometer scale using two experimental techniques. Proposal of a simple and precise mapping
of the SSH model into a nanoscopic acoustic system that allows unveiling the phonon dynamics of
topologically confined modes and an experimental tool to characterize them.
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Chapter 4

Opto-phononic co-localization in GaAs/AlAs multilayers

Fundamental observations in physics ranging from gravitational wave detection to laser cooling of a
nanomechanical oscillator into its quantum ground state rely on the interaction between the optical and
the mechanical degrees of freedom 811167123 A key parameter to engineer this interaction is the spatial
overlap between the two fields, optimized in carefully designed resonators on a case-by-case basis.

In this chapter, we study optophononic structures based on GaAs/AlAs multilayers. Because of a
remarkable coincidence in the physical parameters governing light and motion propagation in these two
materials in one dimension, the equations for both longitudinal acoustic waves and normal-incidence light
become practically equivalent for excitations of the same wavelength. This coincidence guarantees spatial
overlap between the electromagnetic and displacement fields of specific photon-phonon energy pairs,
leading to strong light-matter interactions and enabling nanoacoustics as a design knob in a plethora of
optical and optoelectronic devices based on these materials.

4.1 GaAs/AlAs heterostructures as a platform for optophononics

Both optical and acoustic fields respond to similar wave equations in one dimension. In multilayered
structures, the relevant design parameters are i) the speeds of light and sound that determine the photon
and phonon wavelength, and ii) the contrast in the indices of refraction and acoustic impedances
determining the reflection amplitudes and phases at each interface for light and sound, respectively.

GaAs and AlAs show a remarkable coincidence in nature that allows the conception and optimization of
simultaneous optical and acoustic colocalized modes in one-dimensional multilayered structures. This
coincidence consists of equal ratios for the speeds of sound v{*“ and speeds of light viOp of the two
materials'?#1%5 j.e.,

op ac

v, v,

Gads _ “Gads

A~ =084 [1]

Vgias  Valas

And at the same time, GaAs and AlAs present approximately equal ratios for the optical (n) and acoustic
impedances (2), i.e.,

n Z
GaAs ~ GaAs =12 [2]

Naias  Zaias

In a given multilayered acoustic structure, for a given acoustic frequency f, the thickness d; of the layer i

can be expressed as a function of the acoustic wavelength in the material i.

ac

di= ailgc=ai# [3]
Equivalently, this thickness can be expressed in terms of optical wavelengths for a given optical frequency
fop

4
Up

i
for

d; = 5i/1?p =B [4]

For the particular optical frequency:
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op
for = fac Vi [5]
vice
l

The optical wavelength and the acoustic wavelength in the material i are equal:

Ufm U?P ac
AOP = '8 L — B t - B/’lac - AOP = ]4¢ [6]
[} l ro l op " i i

for = Pipacy

For the material jand the same frequencies f° and f*, we observe that the optical and acoustic wavelengths
are not the same:

ac

ac _ J 7
/11' _fac (71
op 0P ac op op
o _ Y _Y U Yj Ay
P=Lo= e e [8]
j T Ffop  fac ,00 i T op T % Tjac op
f feev, v; A v,
ac %P
AP = age (—U" 3 ) 9]
joT ac _ 0p
v v,

In general, choosing the optical and acoustic frequencies (f* and f°°) to match the optical and acoustic
wavelengths in a given material implies that they do not match for any other material. For the specific case
where:

v P
ac — UOP [10]
J j

then /1?” = A¥¢ and simultaneously A}’p = A{¢. Comparing with Egs. 1 and 10, we observe that this is

precisely the case of GaAs/AlAs. In a multilayer, the contrast in the indices of refraction and the contrast of
the acoustic impedances determine the reflection coefficients for light and sound, respectively. Looking at
Eq. 2, the direct consequence is that for a GaAs/AlAs multilayer, the optical and acoustic reflectivities, and
the modes' spatial profiles coincide.

As an illustration, let us consider the general case of an acoustic GaAs/AlAs multilayer

ac . ac ac . . ac
al/lGaAs' aZAAlAs' aBAGaAs' R aNllGaAs [11]

Due to the 'magic' coincidence in these materials, the same multilayer can be expressed as:

op op op . . op
U1 Gaasi @2l pass A3 AGaass -5 An1dGaas [12]

The situation would be radically different for another couple of materials:

all?f; azﬂ.{.}c; 0!3/1“; ey aN]_ASZ(C [13]
op _.ac
v v
op, X Y op, op, . op
a1/1X ; (TpT)AY 5 (Z3AX y aees aNllX [14]
‘UY Uy

Where the number of acoustic and optical wavelengths in each layer is not the same. For instance, in the
oD _ac

second layer, there are a, acoustic wavelengths, while a, (%%) optical wavelengths. In the following

section, we use GaAs/AlAs multilayers to study the simultaneous confinement of acoustic phonons and NIR

photons in optimized Fabry-Perot resonators, topological interface resonators, and disordered

superlattices.
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4.2 Fabry-Perot resonators for light and sound

As a first example of how GaAs/AlAs can be used to colocalize light and sound, we analyze the case of a
Fabry-Perot resonator based on two DBRs enclosing a spacer.

To demonstrate, experimentally and numerically, the simultaneous confinement of light and sound in an
optimized resonator, we consider a A/2 GaAs-spacer vertical microcavity enclosed by (Alp.1sGaos2As, AlAs)
(M4, \/4) DBRs. We set 20 pairs on the bottom and 18 on top to partially compensate for the different

reflectivities from the air and substrate sides.
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Figure 18: (a): Schematics of the GaAs photon-phonon microcavity. Dark regions represent
AlGaAs, lighter ones AlAs. The number of layers does not correspond to the real structure.
(b) Calculated photonic intensity (blue) and phononic displacement (red dotted curve,
vertically shifted) distributions. The central five layers in panel (a) are transparent to display
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The main consequence of the
‘magic optophononic
coincidence of GaAs/AlAs is a
simultaneous optimization of
the light, and sound cavity
(Figure 18(b)—(d)): both narrow
optical and phonon cavity
modes are well centered within
the corresponding reflectivity
stopbands (Q = 10° for both
light and sound), and both
resonant optical intensity and
square  displacement are

strongly amplified

spacer.

a detail of these curves. The thin lines in (b) represent the material refractive index. (c) and

(d): Calculated optical and acoustic reflectivities, respectively. Adapted from Ref. 42.

Reflection-type  pump-probe experiments®?>  were
performed at room temperature with laser wavelength
A=870 nm in resonance with the absorption edge of the
GaAs spacer. The optomechanical cavity thus involves
electronic resonances in the light-matter processes, in
addition to the optical and acoustic resonances.
Picosecond pulses (~1 ps, 870 nm) from a mode-locked
Ti:sapphire laser were split into the pump (1-300 mW)
and probe (typically 1 mW) pulses. Photon pulses of 1 ps
are chosen so that their spectral width matches the
finesse of the optical cavity ~0.8 nm). The laser was tuned
in resonance with the optical cavity mode to enhance the
impulsive generation of phonons. The probe laser angle is
set so that its energy is tuned to the flank of the optical
cavity mode to maximize the detection sensitivity.”* Note
that the laser energy is well within the transparency
region of the materials forming the DBRs (gap AlAs~415
nm and gap Alo13Gaos2As~780 nm). Consequently, the
impulsive phonon generation occurs mainly at the GaAs
cavity spacer. The photoelastic component of the
detection is strongly enhanced at resonance selectively at
the GaAs spacer.®9125-127
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timewindow). The spatial displacements associated with
these modes are depicted in the shown insets. Bottom:

Calculated generated spectrum. Adapted from Ref. 42.
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To identify these modes, Figure 19(top) displays the Fourier transform amplitude of the measured time
trace (integrated for all measured times). Three spectrally narrow peaks are observed at around 20 GHz,
60 GHz, and 100 GHz. The width of the modes is determined by the experimental time window (0- 3 ns),
and it is not reflecting the mode lifetime. Figure 19 (bottom) presents the calculated generated spectral
amplitude, considering an impulsive (instantaneous) strain localized at the cavity layer.” No fitting
parameters are used; only nominal thicknesses and published material properties. Three main ultranarrow
peaks appear at the same frequencies as the experiment, corresponding to the first three (odd order)
acoustic modes confined in the microcavity. The even-order phonon cavity modes have an odd (with
respect to the center) strain distribution at the cavity spacer and are thus forbidden by parity (the photon
field intensity is even).

These enhanced interactions enable the study of other interesting phenomena in the co-localization
regime, for example, slow-light and slow-phonons,'?® the optical cavity dynamics after an ultrafast
excitation,?>13% or even the study of tripartite systems combining NIR photons, acoustic phonons, and
excitonic/polaritonic systems.3!

4.3 Optophononic topological modes

8=+0.5

DDNA&
R © g
Z— . L

We generate an interface mode inside a
bandgap by concatenating two periodic
lattices with inverted bands. The existence
of this interface state is protected against
any perturbation that does not change the
underlying topological invariants of the
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introduce the concept of two perfectly
colocalized fields -optical and acoustic-
presenting a topologically confined mode
on the same physical platform.

To generate an interface mode through
band inversion, we concatenate two DBRs
with the following conditions: 1. They
share a common bandgap (same central
frequency, same bandwidth) 2. The order
of Bloch mode symmetries at the band
edges enclosing this bandgap is inverted.

Figure 20: Construction principle of an interface state in a photonic-phononic
nanocavity by band inversion. (a) Schematic of the unit cells of each DBR
parametrized by &, which describes the relative thickness of the materials.
Dark (light) colors represent GaAs (AlAs), blue and green are used to
distinguish between left and right superlattices, respectively. The dispersion
relations of acoustic phonons (a) and photons (b) present inverted Bloch
mode symmetries around the first band gap at the Brillouin zone center. The
dashed red box indicates the bandgap over which the band inversion takes
place, mode symmetries are indicated with violet (antisymmetric) and green
(symmetric) dots. (c) The spatial displacement pattern |u(z)|? (black) and the
optical profile |E(z)|? (red) of the topological interface state at 18.12
GHz/1.34eV are colocalized and present a maximum at the interface
between the two DBRs. Both fields decay evanescently away from the
interface. The complete heterostructure is represented on top of panel (c).
Adapted from Ref. 148.

Under these conditions, the reflection phases of the two DBRs present opposite signs. This effect is directly
rooted in the opposite topological properties of the individual bands and can be expressed in terms of the
Zak phase®®133146_ At the bandgap center, the phases are equal in magnitude, resulting in a zero roundtrip
phase, thus giving rise to a resonance.

In a superlattice, the parameter §, determining the topological phase (See Chapter 3) is equally describing
the optical and the acoustic DBR. As such, a band inversion characterized by a sign change of 6 happens
simultaneously in the optical and acoustic domains (see Figure 20). Concatenating two superlattices (DBR)
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presenting opposite signs of & will thus result in an interface optophononic mode. As in the case of the
Fabry-Perot resonator, we observe a clear spatial overlap between the phononic and the optical modes.

To evidence the optical interface mode, we performed optical reflectivity measurements. Figure 21 shows
the reflectivity of the structure measured by FTIR spectrometry. The two measured stop bands around 0.71
eV and 1.34 eV correspond to the first and second bandgap illustrated in Figure 20. The dip in the middle
of the second bandgap is associated with an optical cavity mode. The simulated optical reflectivity (grey
lines) using a transfer matrix formalism agrees with the experimental observations. The difference in the
linewidth observed between experiments and theory is mainly due to the gradient present in the sample
to allow a position-dependent resonance.

@) © To acoustically characterize the
g Experiment 2100 Experiment structure and evidence the existence of
§ E the topological phononic interface
%05 §50 mode, we performed time-domain
3 g Brillouin scattering experiments®%°3
gio.o = o using  an optical pump-probe
075 100 125 150 5 10 15 20 25 30 35 technique. A total of ~11 ns delay

®),6 e (d) Freauency (GF) between pump and probe is scanned,
£ Simulation 7 100 Simulation covering approximately the full laser
f; E repetition period. The reflectivity trace
%0.5 \250 within this window is derived, and
g 2 Fourier transformed to obtain the
oo £, acoustic spectrum of the topological
075 100 125 150 5 10 15 20 25 30 35 resonator (Figure 21(c)). We observe a

Eneray (V) Frequency (GHz) clear peak at 18.12 GHz corresponding

Figure 21: Optophononic topological mode. (a) Continous wave optical . .
characterization of the topological interface modes. The measured optical to the topologlcal acoustic mode. The

reflectivity reveals an interface state in the middle of the first optical stopband at  resonance has a FWHM of 94 MHz, and
the Brillouin zone center. (b) Transfer matrix calculation of the optical reflectivity it b inlv attributed to the finit

(c) Fast Fourier transform (FFT) of the experimental time trace featuring the it can be mainly attributed to the Tinite
topological resonator mode at 18.12 GHz. (d) Photoelastic model calculation of the  length  of the time trace (11 ns
pump-probe spectrum considering a resolution of 90MHz. Adapted from Ref. 148. correspond to a Fourier limited
linewidth of 90 MHz), the interference between phonons generated by two consecutive pump pulses, and

lower signal detection efficiency for long delays.!*®

By following the same design principle, we can define a full class of resonators, consisting of two DBRs
presenting inverted bands and centrosymmetric unit cells. By comparing different combinations of
concatenated superlattices, it can be demonstrated that despite similar Q-factors, the Brillouin cross-
section varies over a broad range of values but never matches the performance of the Fabry-Perot
resonators. 148

4.4 Anderson localization in perturbed superlattices

Examples of scattering in the presence of disorder appear in several physics fields, ranging from the
diffusion of light passing through the dust to the dynamics of acoustic waves in the presence of obstacles.
Diffusion halts when the scale of coherent multiple scattering is

reduced to the wavelength itself, this being ascribed to the

(Anderson) localization of the eigenmodes' wave functions. The

transition to the Anderson localization regime is inherent to any = " & oo o
system described by a wave equation in a disordered medium.?#**** D D D D D DDD
Using disorder is thus an alternative strategy to confine light and  Figure 22: Schematics of the considered
sound at the nanoscale. Moreover, the co-localization warranted by Mmultilayered — structure —to observe  the
the GaAs/AlAs could be the base of an efficient probe to test the Z;)'s‘igﬁq"j,a“‘)” oligntand soundin disordered
Anderson localization of acoustic phonons at the nanoscale.
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To theoretically test the co-localization conceptin disordered systems, we use a DBR with a unit cell formed
by a (GaAs/AlAs) of a thickness (61.88 nm/73.48 nm) forming a (A/4, A/4) SL. This structure simultaneously
opens a maximum-width first order bandgap with a center frequency of 344.6 THz (A = 870 nm) for near-
infrared photons and 19 GHz for acoustic phonons. We introduce geometrical disorder in the position of
the interface between the two materials with a Gaussian distribution. The standard deviation o determines
the level of disorder, while the period D remains constant.

Optical frequency (THz) Figure 23 shows the acoustic and
_3?4 32‘6 32‘8 31‘50 332 10 t I t . . t d
: o Opfical optical transmission spectra aroun
= Z sl the first-order odd bandgap of a
O .5E . 5 . .
=" ——Opfical = disordered superlattice formed by 600
s e . :
B 25t < periods for a value 6=0.15D. There is a
‘€ [ Acoustic 3
5 2 o4f A 1 remarkable correspondence between
E ‘G o3l coustic
I g o both spectra, where a factor of
-45 ’ .
: o1 ~17800 (the ratio between the speeds
S wr ws 1 e e w0 s Of light and sound in GaAs) has
Acoustic frequency (GHz) Position (um) rescaled the energy axes.
Figure 23: Optical and acoustic transmission spectra of a disordered GaAs=AlAs .
superlattice with d;= 61.88 nm, d,=73.48 nm, N=600, and 0=0.15D at the low- We show the mechanical

frequency optical and mechanical band-gap edges. The energy density of the displacement proﬁle and the electrical
displacement and the electric fields of the highlighted pair in left panel are plotted in i . i .
the right panel, showing perfect spatial colocalization. Adapted from Ref. 155. field distribution of an arbitrary opto-

phononic mode in the right panel.
Remarkably, there is a perfect spatial co-localization. As in the Fabry-Perot resonator and the topological
interface modes, this co-localization enhances the Brillouin interactions and the coherent phonon
generation and detection processes.'*

4.5 Discussion and conclusions

In this chapter, we showed how a unique characteristic of the GaAs/AlAs couple of materials results in the
co-localization of light and sound in multilayered nanostructures. This co-localization takes place also when
using alloys of these two materials. Whenever a microcavity is optimized to confine light in the NIR, the
same structure behaves as an optimized acoustic cavity for ~18 GHz. Since GaAs and AlAs heterostructures
are widely used in optoelectronics and photonics, the engineering of acoustic phonons becomes directly
accessible in existing structures. The co-localization of the two fields results in enhancement factors of ~10°
in the pump-probe signals.

The coincidence between the electric field and the acoustic displacement implies that the electric field is
dephased from the strain field. As a consequence, every system that optimizes a coupling with the
maximum of the electrical field would present no interaction with the strain. A clear example of this
situation is the exciton-polariton systems, where a quantum well is localized at the maximum of the
electrical field in an optical cavity. In this case, the quantum well usually matches the position of a node of
the strain. Thus, the strain does not affect the physics of the polaritonic system. However, placing the
quantum well in a different position where both electric and strain fields are non-zero would enable the
engineering of the phonon-polariton interaction. The same principle would be valid for a quantum emitter
interacting with both the electrical and strain fields.3!

In the conception of simultaneous optical-acoustic topological interface states, the local density of states
of two excitations can be engineered and controlled simultaneously. As such, topological engineering can
be performed not only on the individual excitations but also on their interactions, taking advantage of
different robustness characteristics.'*®

In the last section of this chapter, we showed that the co-localization is present even in disordered
superlattices and does not require any kind of periodicity in the system. The possibility of engineering opto-
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phononic systems is at the base of a new generation of modulated light sources, state-of-the-art
optomechanical resonators, and structures where light-matter interactions can be manipulated.

Contributions related to this chapter

Theoretical proposal and experimentally demonstration that GaAs/AlAs microcavities designed to
confine photons are automatically optimized to confine acoustic phonons of the same wavelength, strongly
enhancing their interaction. Observation of optomechanical coupling at sub-THz acoustic frequencies in
these monolithic devices bridging the gap between optomechanics and optoelectronics. Observation of slow
acoustic and optical modes and dynamics of the interaction between confined colocalized fields. Extension
of the concept of light-sound co-localization in GaAs/AlAs to more general structures such as topological
interface modes based on the same design principle. Numerical demonstration of the co-localization of light
and phonons in disordered superlattices in the Anderson regime.
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Chapter 5

Optophononic micropillars
and acousto-plasmonic metasurfaces

In the previous chapters, we showed how the confinement and propagation properties of acoustic
phonons could be tailored in one dimension using nanometric multilayered structures. In this chapter, we
address the three-dimensional confinement properties in nanostructures. First, we describe semiconductor
optophononic micropillars based on GaAs/AlAs multilayers and how they can be measured and integrated
with other optical systems. Then, we introduce plasmonic antennas forming metasurfaces as versatile and
efficient coherent-phonon generators and detectors.

Micropillar cavities confine light in the three directions of space, and they are widely used in non-linear
optics taking advantage of the strong optical non-linearities in GaAlAs semiconductors,**®7*%8 in optical
simulations based on exciton-polaritons,®°%1¢1 and in solid-state quantum optics where single quantum
dots constitute highly coherent artificial atoms.?%%2 As we noted in Chapter 4, GaAs/AlAs devices form an
attractive platform for optomechanical applications due to the simultaneous confinement of light and
phonons in the same structure. In the first part of this chapter, we introduce the main ideas and results
related to micropillar cavities working as optophononic resonators confining both optical and mechanical
fields.

One of the critical challenges in nanoacoustics is counting with transducers able to generate phonons with
different frequencies on demand. Standard metallic thin-film transducers have associated a fixed spectrum,
limiting the range of applications.>*>** Even more complex devices like multilayers, optical microcavities,
metallic nanoparticles, and semiconductor quantum dots fall into this category of a single-fixed generation
spectrum.t”37124127 plasmonics® brings an interesting new approach to this nanophononics challenge by
introducing the polarization degree of freedom.

Plasmonics revolutionized the fields of optics during the last 20 years. The possibility of confining and
controlling optical fields in the subwavelength regime!®*1¢ opens a myriad of applications.163167-170 There
is, however, one usual main drawback in plasmonics. The resonances are intimately related to high
absorption cross-sections, severing the number of applications. The coherent phonon transduction
requires localized optical fields in small volumes, and strong absorption is highly desirable.
Nanoantennas!’*™'73 present strong resonances that are extremely sensitive to polarization and well-
defined acoustic modes. The use of plasmonic structures as transducers to generate acoustic phonons or
the use of acoustic phonons to study plasmonic nanostructures is relatively new, and only a few works have
explored these possibilities.*”174177 |n the second part of this chapter, we introduce the engineering of
acousto-plasmonic metasurfaces.

5.1 Semiconductor micropillars as optophononic resonators

A standard optical micropillar cavity is formed by two DBRs enclosing a spacer in the vertical direction, with
the shape of a cylinder.5>178 The optical field is confined in the vertical direction due to the DBRs, while in
the lateral direction is confined by the contrast between the indices of refraction of the semiconductors
and the air, similar to the confinement observed in an optical fiber.
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The acoustic behavior of micropillars has been less
investigated. While the mechanism governing the
acoustic confinement along the pillar axis is very
similar to the optical confinement, the Poisson’s
ratio (i.e., the signed ratio of transverse elastic
strain to axial elastic strain) and a different set of
boundary conditions (free surfaces) lead to very
different acoustic/optical confinement in the
transverse direction (see Figure 24). Despite the
additional radial modulation of the field, the
overlap between the optical and mechanical
modes is still remarkable.'”®

The optomechanical coupling factors reach values
of approximately 10° rad/s, the mechanical quality
factors (Q) exceed 103, and the maximal products
of Q times frequency are in the order of 10%* Hz,
revealing the potential of micropillars as ideal
optomechanical resonators. In addition, it is
possible to optimize the coupling of quantum
emitters to this optomechanical platform.17:180

Finally, a full understanding of the three-
dimensional confinement of acoustic phonons in
micropillars opens the possibility of actually
engineering the phononic landscape of
nanostructures where quantum emitters such as
InGaAs quantum dots and quantum wells can be
integrated. This enables an entirely novel feature
to the quantum information toolbox: the control of
the interactions in a tripartite system constituted
by a confined optical field, a confined mechanical
mode, and an electronic excitation.'31/18!

Phononic Optical
18.35
[ETR—
i
§ F— |
o 1825 E—
c —
c
[ r
g 1820 - J
i ]
F m n
[ ]
[ ] [ ]
18ASE Rag " ] Y =
'.- L gt g
3 L " '-. g, "ma
n [} [ ]
18.10 . L . L - L - L
1.3 14 15 16 1.7
Radius (um)
Figure 24: Optomechanical pillar microcavity. Top: (a) SEM

micrography of a micropillar structure, formed by two distributed
Bragg reflectors embedding a spacer. (b) Finite elements simulation
of the electromagnetic fundamental mode in a micropillar. (c)
Modulus square of the electric field distribution in a 10 periods/DBR
resonator of 1.5 uym radius with a A/2 cavity, for a mode of 921 nm
of optical wavelength. Modulus square of the mechanical
displacement distribution corresponding to the confined acoustic
mode at a resonance frequency of 18.2 GHz. Note the vertical
modulation matching the one shown in (b), in addition to the radial
modulation due to the free surface boundary condition. Bottom:
Dependence of the fundamental confined acoustic mode
frequencies on the radius of the micropillar. The multiple
anticrossings in the mechanical dependence originate from the
coupling of vertical and radial modes due to the Poisson’s ratio.

5.2 Brillouin scattering in nested micropillar resonators

- 20 pm

In this section, we study a monolithic
semiconductor device for the versatile
generation of tailored ultrahigh-frequency
Brillouin signals. The device is based on an
optical semiconductor micropillar cavity
embedding an ultrahigh-frequency
nanoacoustic resonator. This nested three-
dimensional architecture allows an
independent design of its optical and acoustic
properties. 18

Figure 25: SEM images of (left) an array of circular and square micropillar

resonators, and (right) a single square micropillar with a lateral extent of
4.5 ym. The top layer is SiN deposited as part of dry etching. The inset

shows a detail of the DBR and spacer layers in false colors.

From the planar optophononic cavities,
30 um pitched arrays of square and circular
micropillars with various lateral sizes are

fabricated by optical lithography and inductively coupled plasma etching. We show scanning electron
microscope (SEM) images of an array of micropillar resonators and a zoomed-in view of a single square

30

N. D. Lanzillotti-Kimura



Optophononic micropillars and acousto-plasmonic metasurfaces

micropillar with a lateral extent of 4.5 um in Figure 25, respectively. In the particular case of Figure 25
(right), an acoustic resonator (yellow) with a confined mode at 300 GHz is nested in the optical cavity.

(0) An apparent difficulty in using a micron-sized device
| = B 1 0| — exp.| for Brillouin spectroscopy arises from the inevitable
= ~8im [ seneration of stray light, which we overcome by
proposing a diffraction-based spatial filtering
technique (see Figure 26(c) ). This technique allows us
to lift the usual tradeoff between object size and
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filter d'Tfarggted zﬁ::'a' ‘ To probe the Brillouin spectrum of individual
E P R micropillars, we use a backscattering geometry as
i - W sketched in Figure 26(c) and analyzed the signal using
laserms -.ﬂ%?:f;ﬂ?ﬁ a double spectrometer. An incident laser beam
. y resonant with the fundamental optical micropillar
lens — mode is focused to a spot of roughly 10 um size
gf (FWHM) on the sample surface and centered on a 4.5
sample H pm diameter pillar. Excitation and collection are

Figure 26: Anti-Stokes Brillouin spectrum measured on the realized through the same optical elements under
studied micropillar resonator. The spectrum exhibits three  normal incidence. We use the spatial mode mismatch
pronounced peaks (A—C). (b) Brillouin spectrum measured on . . .

a planar resonator with an identical vertical structure (solid  P€tween the incoming laser beam and the optical

black curve). A photoelastic model calculation (dashed red micropillar modes as a signal filtering method, as
curve) well accounts for the three-peaked structure of the . .

spectrum. (c) Setup in reflection geometry: the reflected optical sketched in Figure 26(C).

signal comprises a pronounced pattern of diffracted laser light . . . .
(red) and the Brillouin beam (blue) with a Gaussian spatial Figure 26(a) presents the Brillouin signal obtained

pattern dictated by the optical micropillar modes. A spatial filter using the spatial filtering method described above
optimizes the relative collection ratio of the Brillouin signal. The R R o
inset shows the corresponding experimental diffraction pattern. ~ recorded on a 4.5 um square micropillar. 1t exhibits
three pronounced peaks at acoustic frequencies of

around 280, 320, and 360 GHz, labeled A, B, and C, respectively. Peak B corresponds to the confined mode
in the acoustic resonator, while peaks A and C are peaks associated with the DBRs usually measured under
backscattering geometry. Figure 26(b) shows the spectrum measured on a planar structure showing similar

features.

Using this measuring scheme, we have demonstrated®®? that one can exploit the heating effects induced
by the excitation laser to lock the optical cavity mode at a given spectral position for a given power. This
effect is particularly evident in the case of micropillars due to the limited heat release capacity towards the
substrate. We used this effect to optimize the Brillouin scattering signal by initially detuning the excitation
laser from the unperturbed cavity mode.!82

5.3 Coherent phonon generation in optophononic micropillars

To study the phonon dynamics in micropillars, we implemented a time-resolved differential optical
reflectivity (pump-probe) measurement®*°3 with micrometer lateral spatial resolution. The resolution is ~5
um, implying that we address single pillars in the experiments. A 4-picosecond optical pump pulse
generates coherent mechanical vibrations. The changes induced in the shape and the indices of refraction
of the micropillar are then probed by measuring the optical reflectivity of a delayed second pulse. By
changing the delay between the pump and probe pulses, we reconstruct the time evolution of the optical
reflectivity modulated by the mechanical vibrations, as shown in Figure 27.

The studied pillars are designed to operate at ~18 GHz mechanical frequency and 900 nm for the optical
mode, close to the GaAs energy gap at room temperature to enhance the optomechanical response.'>1?
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Confined acoustic modes are observed at ~18 and ~55 GHz with room temperature mechanical quality
factors in the 200 to 1600 range.

Figure 27 presents a typical signal measured on a 5 um pillar. The left panel displays the as-measured
differential reflectivity as a function of the delay t between the pump and probe pulses. This signal is
dominated by the electronic contribution at a short delay and by the mechanical one at long time delays.
The spectrum obtained from the Fourier transform between 0 and 10 ns is shown in the right panel.

100 ' ' ' T i ' ——  Two mechanical resonances are
‘ observed at 18.3 and 54.9 GHz.

~— Cavity mode 1 Because the pump-induced
05l | perturbation is concentrated in
‘ the GaAs-spacer layer, the
adharmonic - | generated localized strain
mainly corresponds to

{
L ]
ot \ - \' WN%!M WWW\MW M“Wﬂ vibrations vertically confined in

0 200 4000 ewo w0 0000 ] 10 20 30 40 50 the cavity. The observed

Time (ps) Frequency (GHz)
resonances correspond to the
Figure 27: (left) Differential reflectivity time trace of the micropillar resonator. (right) Fast
Fourier transform (FFT) of the experimental time traces featuring the acoustic resonances fundamental mode and the
at 18.3, 54.9 GHz, with a FWHM of 84 and 90 MHz, respectively. third overtone. The absence of

even order gaps for A/4, \/4
mirrors prevents the existence of even order acoustic modes confined in the vertical direction, similar to
what happens in planar structures (see Chapter 4).
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Using micropillars, we can study confinement effects and phonon dynamics,?° and the optical tuning based
on thermal and electronic recombination effects’*°, and demonstrate record high values of the Qxf
indicator, a figure of merit that allows evaluating the maximum number of quantum operations that can
be achieved. The reached values of ~10'* at room temperature is a breakthrough in the field.'*®

5.4 Towards fiber-integrated nanophononics

Coherent phonon generation experiments rely on the optical mode matching between the incident pump
and probe laser fields and the optical modes of the structure under study. The efficient generation of
coherent acoustic phonons relies on an efficient coupling of the pump field into the system, while the
sensitive detection of phonons requires an efficient coupling of the probe to the optical mode undergoing
a phonon-induced modulation. The main practical challenges for the actual implementation of this
technique are, therefore: 1) stability, 2) reproducibility, and 3) high power densities limiting the range of
compatible samples'®,

To address these issues, we integrate single-mode optical fibers with optophononic micropillars cavities.
The mode-overlap of the fiber to the microresonators achieved during the gluing is permanent and stable,
eliminating the need for focalization optics and any further beam realignment, providing the means to
perform reproducible plug-and-play experiments.
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For the individual micropillar, we

core N2 PBS; L AOM i5 PBS, . g

- . w1 . , spatially overlap the core of a single-
SRR v \ . . .
S #, ,—I ' mode optical fiber (core diameter 4.4
l\\ N\ | . . .
60pum o = _J um) with its top surface 184187 To this
o 2 1f, . . .
R e TR J T oesey end, we monitor the micropillar
[ resonator xﬁ\\) reflectivity dip through the fiber while
. = - . i,
IO i Dumine | Na M2 Pol oo adjusting the sample chip position on a
(ps)

~ew———+-D— 3D piezomotor with  submicron

Figure 28: (left) Final device with one individual micropillar on the chip coupled to precision. Once spat|al allgnment 1S
the single mode fiber. A ceramic ferrule provides additional mechanical stability. Completed, we permanently glue the

Inset: microscope image of fiber core and cladding. (right) Schematic of the pump- fiber to the sample Chip (UV—curing)
probe setup used to characterize the optophononic response of fiber-coupled . . '
microcavities. We replaced the standard focalization optics by a fibered system. During the curing process of the glue,

PBS, L, AOM, FC, Pol and PD stand for polarizing beam splitter, lens, acousto- the optical mode frequency undergoes
optic modulator, fiber coupler, linear polarizer and photodetector, respectively. . K .
only minimal shifts (<0.1%). Figure

28(left) presents a picture of a finished device. A ceramic ferrule (white tube) provides additional
mechanical stability.

Our measurement setup for the integrated samples is based on a fiber beam splitter (see schematics in
Figure 28-right). The fiber-coupled microresonators confine ~20 GHz phonons and NIR photons. Figure 29
shows the differential time-resolved reflectivity (top) and the Fast Fourier Transform of the signal (bottom)
measured on a fibered micropillar. The spectrum shows clear peaks at 18.3, 54.9, 91.5, and 128 GHz,
corresponding to the fundamental mode and 3, 5", and 7" harmonics of the resonator. In these
picosecond ultrasonic pump-probe experiments, we measured acoustic phonon signals at remarkably small
excitation powers of 1uW, with signals that remain stable for longer than 48 hours.
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= 0.00 Figure 29: (top) Differential reflectivity time
g 0.4 126 128 130 trace of the micropillar resonator. (bottom)
n? Fast Fourier transform (FFT) of the
0.2 experimental time traces featuring the
l acoustic resonances at 18.3, 54.9, 91.5
0.0p and 128 GHz. The inset shows a zoom
0 20 40 60 80 100 120 140 around the seventh harmonic
Frequency (GHz)

5.5 Polarization-controlled acousto-plasmonic metasurfaces

Metasurfaces can control electromagnetic wavefronts and enhance light-matter interactions.'’® Therefore,
they enable the control of the interaction between the light and phonons in the nanostructures. In this
section, we show how an optimized plasmonic metasurface can be used as a light-phonon transducer with
characteristic phonon frequencies selected by the laser polarization. The samples studied in this section
are metasurfaces formed by periodic arrays of metallic-bar resonators. The plasmonic resonators are the
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fundamental building blocks of the metasurface and determine both the optical and acoustic resonances.
We fabricated the samples by standard e-beam lithography, metal evaporation, and lift-off techniques.

To explain how the polarization can be
linked to a selective phonon generation, we
fabricated three control samples, each one
consisting of an array of parallel
nanoantennas (see Figure 30).

1.0
08f -

06
The antenna lengths determine the optical

resonances with a strong polarization
dependence. When an incident laser has a
parallel polarization to the main axis of the
bars in a metasurface, the plasmonic
resonance is excited. On the contrary, when

the laser polarization is perpendicular to the
Figure 30: (left) Measured optical transmission of the three control main axis of the antennas, the

metasurfaces. The transmission for the vertical polarization is plotted in red, | ic field d . h
blue and green for the 80 nm, 100 nm, 120 nm bars. (right) Scanning electromagnetic tie oes not excite the

electron micrographies of the metasurfaces. plasmonic resonance, and thus the
metasurface is transparent. This fact has a crucial consequence for the pump-probe experiments.
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Figure 31: Measured coherent phonon generation spectra using vertical (red curves) and horizontal (black curves) pump-
probe polarization in three different control metasurfaces. From left to right: a) Sample formed by an array of 80-nm gold bars
oriented in the vertical direction. b) Sample formed by an array of 100-nm gold bars oriented in the vertical direction. ¢) Sample
formed by an array of 120-nm gold bars oriented in the vertical direction.
Figure 31 shows the measured coherent phonon generation spectra using vertical and horizontal pump-
probe polarization in the three control metasurfaces. It must be noted that in these experiments, pump
and probe beams present the same polarization, and the filtering is performed using color filters. For the
generation process, there are two possible extreme situations: i) the laser polarization is perpendicular to
the main axis of the antennas, in which case the metasurface is simply transparent, and no coherent
phonon generation takes place; and ii) the laser polarization is parallel to the main axis of the antenna, and
thus the laser excites the longitudinal plasmonic resonance. The collective oscillation of electrons in the
nanoantenna takes a few ps to decay through several scattering processes. These scattering events
transform kinetic energy into heat. The rapid heating of the antennas induces a fast dilation (expansion),
establishing the origin in time of the coherent acoustic phonons. These acoustic phonons change the size
and shape of the antenna, as well as the dielectric function of the metal. In both cases, the variations take
place with the frequency of the generated acoustic phonons.

A handwaving argument to explain the optical-properties modification induced by the acoustic phonons is
to consider that on the one hand, the phonons change the length of the antenna while inducing an
expansion and a reduction of the electron density (constant number of electrons in a bigger volume). An
increase in the length of the antenna, or similarly a decrease in the electronic density, induces a red-shift
of the plasmon resonance, and therefore a change in the optical reflectivity and transmission.
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Let us now consider the detection process. If the probe laser polarization is perpendicular to the main axis
of the antennas, then the metasurface is practically transparent, and the presence of phonons or the
antennas does not change the optical transmission through the substrate. If the probe laser polarization is
parallel to the main axis of the antennas, then the longitudinal plasmon mode is excited, evidencing the
plasmonic resonance in transmission. At this point, it is essential to note that the excitation-decay of the
plasmon is much shorter than the period of the studied acoustic phonons. In this way, the probe pulse
couples to the instantaneous plasmonic mode, which is dynamically modulated by the phonons. So, to
detect the coherent acoustic phonons in the metasurface, it is essential that: 1) the probe beam couples to
a plasmonic mode and 2) the phonons modulate this plasmonic mode. The high acoustic-impedance
mismatch between the gold and the glass substrate justifies the relatively long lifetimes observed.

We designed two metasurfaces to act as polarization-sensitive phonon-transducers. Each metasurface
consists of two arrays of parallel bars. The bars of one array are perpendicular to the bars of the other
array, as illustrated in Figure 32. Each orientation has an associated optical resonance at a fixed
polarization.
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Figure 32: (left) Measured optical transmission of the two studied g .| ¥
crossed-bars metasurfaces. The transmission for the vertical T .
(horizontal) polarization is plotted in red (black). (right) Schematics of '§ 0a
the studied plasmonic samples and scanning electron micrographies g "~ |
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In Figure 33, we show the pump-probe measured spectra for different linear polarizations. Figure 33(a)
corresponds to the metasurface with 80 and 100 nm length bars, while Figure 33(b) corresponds to the
metasurface with 100- and 120-nm-length bars. Each of the four shown spectra presents a clear peak.
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In Figure 33(a), the principal peak is located at 12.9 and 15.5 GHz for the horizontal and vertical
polarizations, respectively. As in the case of the optical resonances, longer bars (100 nm) present lower
frequencies. Similarly, the shorter bars (80 nm) have shorter wavelength eigenmodes. To couple efficiently
the incident laser beams (pump and probe) with the plasmonic mode, its polarization has to be parallel to
the main axis of the bars. In this way, each array of bars acts as a polarization-sensitive transducer.

Figure 33: Measured coherent ;q[ T T T T 10k i j j j
phonon generation spectra using (a) 15.5 GH (b)
. z (V)
vertical (V) and horizontal (H)
pump-probe polarization in two
different metasurface samples.
a) Sample formed by an array of
100-nm gold bars oriented in the
horizontal direction and 80-nm
gold bars oriented in the vertical
direction. b) Sample formed by
an array of 120-nm gold bars
oriented in the vertical direction
and 100-nm gold bars oriented in 0.0 . . .
the horizontal direction. 0 5 10 15 20 25 0 5 10 15 20 25
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In Figure 33(b), we show the results corresponding to sample B. In this case, the shorter bars (100 nm) are
in the horizontal orientation, and the longer bars (120 nm) are vertically oriented. The vertical (horizontal)
polarized pump-probe experiments originate spectra with the main acoustic-phonon peak at 11.2 GHz (12.6
GHz). These measurements confirm that metasurfaces can be used to generate polarization-sensitive
phonon transducers.

5.6 Acousto-plasmonic interferences

The metasurface shown in Figure 34 consists of an array of Swiss

PR S "loure 34: Scanning crosses. The shortest (longest) arm of each cross is 90 nm (120
4 3 : electron micrographies of . . . . . ..
. B (hc 120 x 90 nm Swiss- nm). The optical behavior of this metasurface is quite similar to
L BB B B  cross nanostructure the one of the crossed bars studied in the previous section. Each
200 nm metasurface. . . . . . .
N —' one of the main axes determines a main longitudinal plasmonic
—— L;=1200m mode. As a first approximation, the presence of the horizontal

arm does not affect the resonance of the vertical arm and vice-
versa. This kind of structure had been extensively studied in plasmonics and provides a direct way to encode
information with polarization.’®® When one of these plasmonic modes is excited, the electrons move
coherently along the excitation axis, and there is no charge movement in the perpendicular direction. In a
nutshell, the optical behavior can be modeled as two perpendicular and independent plasmonic
resonators.

In the case of the elastic modes, the system cannot be modeled as two perpendicularly polarized
independent resonators, as in the case of the plasmonic modes. The main difference arises from the
Poisson ratio, linking displacements in different directions. Considering the Poisson ratio and the boundary
conditions, we can define two acoustic eigenmodes that we indicate as symmetric and anti-symmetric. The
symmetric mode is associated with an isotropic expansion of the Swiss-cross structure. The anti-symmetric
mode, on the contrary, has associated an expansion in one direction and a contraction in the perpendicular
direction. Both displacement profiles can be observed in Figure 35 (b-c).
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Let us consider the coherent generation process again, but this time considering that the plasmonic
structures have two different resonances. For the sake of simplicity, let us assume that the pump is vertical.
The pump excites then the vertical longitudinal plasmonic mode, and the electrons rapidly dephaseon a5
to 20 fs timescale. The electrons then diffuse throughout the nanostructure at the Fermi velocity,
distributing their kinetic energy over the full nanostructure (~100 nm of mean free path) within 100 fs. At
this point, it is essential to note that the energy is released in the whole structure, and not only over the
plasmon spatial profile. The electrons transfer the energy to the lattice resulting in a thermal expansion of
the structures that sets off the coherent acoustic phonons. Itis evident that following this reasoning, there
is no difference between the two experiments using different pump polarizations, except for the efficiency
of the process.3%174
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0L — —— _~. = .1 Figure 35: The Fourier transform of the transient transmission for a
0 5 10 15 20 25 30 (a-top) horizontally polarized probe and a (a-bottom) vertically
Frequency (GHz) polarized probe. The interference effect at 11 GHz in the transient
. transmission spectrum for a horizontally polarized probe pulse (top)
Probe Vertical originates from the two phonon modes changing the optical
o T 5 1] transmission with equal magnitude and opposite signs, resulting in a
8 1 zero signal in the differential transmission. When the probe
] polarization is vertical (a-bottom), the two phonon modes affect the
transmission with the same sign, resulting in a constructive
TR T TR TE contribution. The grey curves are fits with two phonon modes of
varying sign. The 120 x 90 nm Swiss-cross nanostructures (a)
\¢ = support two mechanical eigenmodes, the symmetric eigenmode (b),
A 7S in which the two arms oscillate in phase, and the antisymmetric (c),
0 5 10 15 20 25 30 where the two arms oscillate out of phase. (b,c) are simulated
Frequency (GHz) mechanical displacement profiles at the eigenfrequencies. The
. . superposition between the modes dictates the mechanical dynamics,
Symmetric Phonon Mode (S) - Anti-Symmetric Phonon Mode (A) whose phase and amplitude can be detected with localized surface
b ¢ plasmon polaritons. Each probe plasmon polarization yields a
projection of the dynamics, allowing us to sense the mechanical
displacement along each axis. The phonon strains the nanostructure,
causing geometry and refractive index changes, which in turn
— modulate the plasmonic resonance, allowing the phonon to be

(SLVI SLh detected through transient optical transmission spectroscopy.

Amplitude (arb. u.)

o]
Lh

— 1
w S

Amplitude (arb. u.)

=]

Pump-probe delay (ps)

Amplitude (arb. u.)

[=T |

The situation radically changes for the detection process. In this case, the probe couples to a longitudinal
mode, and thus it is sensitive to variations of the structure changing this particular resonance. In other
words, the spatial selectivity for detecting coherent acoustic phonons is determined by the spatial
distribution of the probe plasmon. It does not depend on the electron diffusion length of the constituting
materials because of the short lifetime of the probe surface plasmons. The probe plasmon can resolve
strain distributions at length scales below the superdiffusion length.

Figure 35 shows the signals measured with different polarizations of the probe. We can observe two clear
and well-defined peaks, which correspond to the previously introduced symmetric (~15 GHz) and
antisymmetric (~11 GHz) modes. The intensity of the antisymmetric mode is half the intensity of the
symmetric mode, and it is mainly due to the overlap of the mode profiles and the isotropic distribution of
energy by the electrons.

When the probe polarization is horizontal, there is an apparent dip at 11.3 GHz. When the probe
polarization is vertical, at this frequency, we observe a shoulder connecting both peaks. To understand the
measured signals at ~11 GHz, it is essential to look at the displacement profiles of the two eigenmodes. For
the horizontal arm, the displacement corresponding to the two eigenmodes presents opposite phases, i.e.,
there is a destructive interference. In the vertical arm, on the contrary, both displacement profiles
contribute in phase to the change in transmission, i.e., there is a constructive interference. The unique
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characteristic of the plasmonic structures of polarization-sensitive resonances allowed us to sense strain
distributions in the deep subwavelength regime, localized in parts of the studied nanostructures.

5.7 Discussion and conclusions

We extended the concept of colocalization of light and sound to 3D micropillars both theoretically and
experimentally. By laterally etching a planar structure, optophononic micropillars can be fabricated. In
these structures, the contrast in the indices of refraction of the air and the semiconductor induces lateral
confinement for the light; and the contrast in the acoustic impedances is at the origin of the lateral
confinement of vibrations. The same GaAs/AlAs micropillars can host single quantum dots, accelerating
the emission of single photons, and constituting the brightest single-photon sources.®® It is possible to
integrate quantum wells, extending the possibility of engineering the acoustic phonons to polaritonic
systems. 13!

GaAs/AlAs pillar microcavities constitute new optomechanical resonators performing in the unprecedented
18-100 GHz mechanical frequency range, showing highly-promising features such as state-of-the-art quality
factor-frequency products.® We showed that gluing optophononic semiconductor cavities to a single-
mode fiber lifts the need for focusing optics to excite and detect coherent acoustic phonons. The mode
matching achieved in our samples allowed us to observe stable signals over at least a full day and coherent
phonon signals at extremely low excitation powers of 1uW. The monolithic sample structure is
transportable, making it a potential means to perform reproducible plug-and-play pump-probe
experiments in individual microstructures.” The integration with fibers might establish the missing link
between high-frequency acoustic phonon engineering 27189191 and stimulated Brillouin scattering in
structured optical fibers 1927196,

Over the last years, remarkable results in the control of acoustic phonons in single antennas or even in the
transfer of signals between individual resonators have been achieved.’3”17¢ The use of metasurfaces could
take full advantage of this individual resonator optimization to explore advanced transduction
functionalities. We showed how a metasurface could be used as a tailorable transducer to generate and
detect high-frequency acoustic phonons.’* In particular, we have explored crossed bars systems in which
the bars are part of the same structure (Swiss-cross), or the bars are spatially separated. Both cases present
very similar optical behavior; however, the elastic eigenmodes are dramatically different. When the two
bars are separated, the eigenmodes can be easily described as the longitudinal modes of a bar, and the
laser polarization acts simply as a selective excitation (and detection) tool. The elastic eigenmodes of the
Swiss-crosses, on the contrary, are described as linear combinations of the modes of the forming bars. We
can classify the two eigenmodes as symmetric when the two bars are expanding or contracting in-phase
and antisymmetric when the bars are oscillating in counter phase. The fact that the plasmonic modes and
the elastic modes do not present the same spatial profile enables the possibility of measuring and resolving
strain distributions in the deep subwavelength regime.*

All these results constitute just the first steps in the field of acoustoplasmonics. The manipulation of optical
fields to control the transduction of acoustic phonons, as well as the engineering of complex
acoustoplasmonic structures with novel functionalities, are just two exciting perspectives of the field. The
possibility of including active optical materials in plasmonic metasurfaces or even exploring quantum
phenomena are two promising research lines showing their first results. These new research fields can be
revisited, incorporating ultrafast vibrations as a completely new design knob. The use of more complex
structures showing multiple acoustic and plasmonic modes, or taking advantage of chirality for both light
and sound constitute the starting points of a new field.

Contributions related to this chapter
Design, optimization, and experimental demonstration of a novel optomechanical platform based on

semiconductor micropillars. Micropillars work at record-high frequencies of 20 GHz, one order of
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magnitude higher than the best previously reported system, and present a record high value for the
mechanical Q x f indicator. Integration of ultrahigh-frequency resonators into a fibered platform.
Theoretical proposal and experimental development of a new platform to couple light and sound based on
acoustoplasmonic metasurfaces. Design of an acoustoplasmonic metasurface to generate tunable coherent
acoustic phonons. Experimental demonstration of optical interference effects between signals generated by
phononic modes in a nanostructure. Spatial strain probing in the deep subwavelength regime.
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Chapter 6

Research perspectives

In the previous chapters, a series of optophononic devices was presented, where the confinement and
propagation characteristics were optimized. The engineering of the transduction mechanisms was detailed,
and novel measurement protocols were developed. In all cases, the physics governing the phonon
engineering aspects was based on classical wave dynamics and, in general, linear processes.

In the next sections, | present three open directions of what | believe might be game-changers in the future
of nanophononics and nanomechanics. First, | present a few concepts to study coherence properties and
control the propagation in complex three-dimensional geometries. The second research line is devoted to
two strategies to achieve reconfigurable optophononic devices. And finally, | propose the development of
guantum nanoacoustic devices.

6.1 Integrated phonon networks: confinement and propagation

During the past 10 years, fine control on the dynamics of high-frequency acoustic phonons in planar
structures has been achieved.?1273110,126,127,130,197-199 However, the 3D control of their propagation remains
a vast and almost unexplored research field. In this research line, | propose to engineer and develop the
elements at the core of an integrated nanophononic network, focusing on the design and demonstration
of acoustic phonon waveguides able to couple different subsystems. The experimental demonstration will
rely mainly on the coherent generation and detection of acoustic phonons using ultrafast lasers. The
concept at the heart of our phonon resonators and waveguides is the DBR-based acoustic cavity made of
GaAs/AlAs.

In the fields of photonics, as well as polaritonics, light confinement and propagation have been controlled
at will in optical structures’®'>9160 highly similar to the ones envisioned here, allowing the study of
phenomena otherwise unreachable. Waveguides are fundamental optics elements that facilitate the
interconnection of different optical subsystems and information processing. We plan to transfer some of
these concepts into the field of nanophononics.

In the fields of optomechanics and surface acoustic waves, acoustic waveguides have been proposed with
typical frequencies in the MHz regime, reaching a few GHz at most. These results represent an unexplored
and inspiring set of challenges in the physics of ultrahigh-frequency acoustic phonons that we intend to
address in this research line. One of the objectives is to develop waveguides that allow us to measure the
transport of acoustic phonons with frequencies around 20 GHz. We plan to demonstrate complex
localization phenomena like Bloch oscillations and topological localization in 2D systems and determine
important transport characteristics such as coherence lengths and mean free paths of the propagating
phonons.

It is known that the dynamics of light can be tailored by coupling optical microcavities in double and
multiple cavity devices. Based on these concepts, we will study how coupled acoustic nanocavities based
on micropillars could also be used to control the propagation and dynamics of phonons, including the
generation of effective acoustic potentials, simulating an effective force on propagating vibrations. An
extension of these concepts into full bidimensional networks and waveguides constitutes the long-term
objective of this research line.

The development of a phonon network is organized around three objectives, described below.
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6.1.1 Observation of coupled acoustic modes in a 3D phononic molecule
By coupling two micropillars, we can form an optical molecule. The coupling
in the optophononic molecule will be studied by changing the separation
between the centers of the two optophononic micropillars, individually
changing the diameter, and by changing the etching conditions to increase the
coupling. Once the elastic coupling conditions between two micropillars have
been established, a solid physical bridge will be extended between the two
separated structures. This bridge will be optimized to act as a waveguide or
transmission line for the acoustic phonons that were initially confined in the
micropillars. The experimental strategy will consist of focusing the pump beam

onto one of the micropillars and the probe beam onto the second one, both i e 36° SEM image of wo

spots being spatially separated. The observation of a beating in the time- micropillars  connected by a
phononic waveguide.

dependent optical reflectivity and the presence of two peaks in the spectral
domain are the main indicators of the success of this objective.

6.1.2 Measurement of high-frequency acoustic Bloch oscillations and topological

states

By scaling up the complexity of our devices, we intend to demonstrate complex localization phenomena
such as Bloch oscillations of GHz acoustic phonons and topologically protected states in bidimensional
micropillar networks. The coupling of multiple identical micropillars induces a periodic acoustic potential,
which leads to the formation of acoustic bands. In addition, by gradually changing the radius of each
micropillar (or equivalently the thickness of the layers), it is possible to generate an effective linear
potential equivalent to an applied electric field for electrons. By individually engineering the couplings
between micropillars, it is also possible to engineer the topological phases of the structure, build an
artificial phononic graphene, and control the propagation properties in bidimensional networks.

6.1.3 Design and optimization of phonon interferometers
Another essential feature that we will pursue related to on-chip phonon
wave manipulation is the implementation of acoustic-phonon beam
splitters consisting, for instance, in the bifurcation of an acoustic
waveguide. High-frequency acoustic phonons might provide a platform for
developing novel acoustic functionalities and even quantum simulators. In
the prospect of propagating the information using acoustic waves, we will
evaluate the one or two phonon coherence using on-chip phonon
interferometers. We will develop compact Sagnac and Mach-Zehnder
interferometers for acoustic phonons that can be externally actuated
through strain or heat. Playing on the length of the interferometer will

allow us to evaluate the coherence length of the propagating acoustic _

X . i . Figure 37: Schematics of two
waves. These devices will be designed for high-frequency phonons to work  micropillars connected by a phononic
near the single phonon regime at 4K and with the long-term objective of "¢h-7enhderinterieromerer
developing the platform for future quantum nanophononic applications.

The described structures are similar to those used to fabricate VCSEL devices, polariton microcavities, and
ridge waveguides. Adding control of the phonon environment in these devices will open the road to a wide
variety of phenomena as well as future innovative functionalities.
6.2 Reconfigurable optophononic devices

Phononic crystals and acoustic metamaterials enabled the study of novel physical phenomena and new

applications. The functionalization and dynamical tuning of artificial acoustic materials, particularly at the

42 N. D. Lanzillotti-Kimura



Research perspectives

nanoscale, would be a breakthrough in the engineering of intelligent and programable materials. In
nanoacoustics, despite the potential impact in the development of non-destructive testing techniques,
optoelectronics, and in general in fundamental physics, no tunable nanophononic devices have been
reported up to now. In this research line, we will explore two paths: i) mesoporous materials and ii) VO,
phase changing materials (PCMs), and ITO.

6.2.1 Mesoporous materials for nanophononic applications

Most of the nanophononic applications are based on already developed semiconductor technology.
However, a full variety of materials remains unexplored in nanophononics, and colloidal crystals or polymer
multilayers seem promising towards new developments in phononic crystals or metamaterials.! For
example, hypersonic one-dimensional crystals were made up of alternating layers of poly(methyl
methacrylate) and porous silica.??® More recently, a new class of tunable hypersonic phononic crystals has
been developed based on economically viable polymer-tethered colloids that present a tunable
hybridization gap.® These systems opened the path toward the integration of soft matter-derived materials.
Afurther step in complexity could be attained by building phononic devices with responsive nanomaterials,
which appear as a potential gamechanger in the fields of nanoacoustics and nanophononics.

In the last years, the development of stimuli-responsive materials capable of transducing external stimuli
into mechanical and physical changes has become a blooming field.?%! In particular, mesoporous materials
present high interest and potential to add responsiveness to thin-film technology. Mesoporous thin films,
produced by combining sol-gel synthesis with self-assembly, can be designed in order to selectively
condense external vapors or act as perm-selective membranes. The variation of optical and mechanical
properties after adsorption and permeation phenomena endows these systems to be naturally responsive
to the environment.?°? Mesoporous photonic crystals with a selective optical response to vapors, or
molecular size are an excellent example that molecular, supramolecular, or photonic information can be
encoded into the structure of a multilayer at several length scales, and indeed combined with a plasmonic
response.?”® The combination of semiconductor and mesoporous systems opens up a new path for the
design of intelligent, programmable nanoacoustic matter,204.205

The mesoporous layers cited above can be readily integrated on top or even within these superlattices as
responsive modules that can modify the mechanical behavior of the whole device when exposed to a given
stimulus. Intending to design and develop more complex devices, we have recently demonstrated that
mesoporous SiO; and TiO; thin films can act as the resonant layer of acoustic nanocavities.?

6.2.2 Indium-Tin-Oxide, vanadium dioxide, and other PCMs

A radically different path to achieve tunability and reconfigurability is the use of materials showing a
controllable and reversible change in the optical or acoustic properties such as vanadium dioxide (VO,)*®
or Transparent Conductive Oxides like Indium-Tin-Oxide (ITO). Recent developments in optics using
PCMs2977299 show an interesting and promising roadmap for nanophononics, where most of the
technological developments can be directly mapped into nanoacoustic applications.

At temperatures less than 67° C, VO, has a monoclinic crystal structure. When heated to more than 67° C,
it transitions to a tetragonal structure. At the same temperature, crystalline VO, converts from an electrical
insulator to a conductor. The same transition can be induced by applying an external voltage to a thin film
of VO,. The monoclinic and tetragonal structures have associated different speeds of sound. This change in
the elastic properties makes it an ideal material to design tunable nanoacoustic devices. The first step
would be to revisit the simplest acoustic devices presented in Chap. 2, and then expand the set of materials
compatible with the VO,. A layer of VO, could act like the active part of the system, able to dynamically
change the eigenstates of a Fabry-Perot resonator. In this case, the transition that takes place in the scale
of picoseconds could also be the platform for the study of time-dependent nanophononic structures.

N. D. Lanzillotti-Kimura 43



Research perspectives

ITO belongs to the class of transparent conducting oxides, which can be doped depending on the oxygen
vacancy and interstitial metal dopant concentrations.?!® Furthermore, the carrier density can be
significantly increased when ITO becomes part of a MOS-capacitor design upon applying an electrical bias
due to the formation of an accumulation layer.17211 Thus, an ITO layer could be integrated into tunable
nanophononic transducers, also based on the structures presented in Chapter 2.

6.3 Quantum nanoacoustics

The high frequencies of the acoustic phonons have associated small occupation numbers, enabling the
operation of the proposed devices in the quantum regime. For instance, the possibility of having low
phonon-number in particularly engineered discrete modes opens the possibility to explore novel phonon-
exchange protocols and quantum interfaces.

In this research line, | intend to explore two objectives. Firstly, the coherent exchange of single-phonons
between two photonic states in correlated Raman processes, and secondly, the interfacing of an acoustic
mode with a quantum emitter, in our particular case, with a semiconductor quantum dot.

6.3.1 Acoustic-phonon exchange
The objective is to develop (theoretically and experimentally) SPADs + correlator

the protocol for the non-classical generation of phonons in a

hybrid micropillar resonator. Recent works reported the use

of optical phonons for the generation of non-classical

correlations.?'2721¢ By using an optophononic cavity, we add e p
the possibility of gaining full control over the acoustic
excitations, and thus over the interaction process.

mec

W, Wy Wpee M1 Opec q
We will set up a versatile experimental method wherein one Anti-Stokes Stokes
short laser pulse generates non-classically correlated Stokes t+At t

and anti-Stokes photons. In Figure 38, we show the principle Floure 38: Schematics of the orrelation of Stokes
X . and anti-Stokes photon pairs in an acoustic

of the proposed experiment where a pump pulse induces the  csonator. e, o, and o, indicate the frequencies

generation of a phonon (Stokes process), while the probe of the acoustic resonance and the two lasers.

pulse absorbs the same phonon (anti-Stokes process).

The coincidences of the Stokes and anti-Stokes photon signals will be recorded by the single-photon
detectors connected to a correlation unit. The measured value of the second-order intensity cross-
correlation function at zero delays will be used to authenticate the non-classical relation of the Stokes and
anti-Stokes photon via the exchange of a single phonon. In this case, the Brillouin cross-correlation
experiments will allow us to study the dynamics of a single phonon created as a consequence of a pump
laser pulse, which subsequently produces an anti-Stokes photon with the delayed probe laser pulse.

By manipulating the wavelength of the lasers, the time delay between the pulses, and the coupling
conditions with the different resonances in an optophononic micropillar, we target the full engineering of
the interaction process. Different regimes will be explored, like the interaction of photons with single and
multiple phonons will be investigated.

6.3.2 Acoustic cavity quantum electrodynamics

This research objective will be carried out in collaboration with the team of Prof. Pascale Senellart.
Quantum dots are one of the most promising semiconductor quantum bits, with many demonstrations of
quantum functionalities in the last decade. When optically excited, a single exciton in a QD (X) emits single
photons at a well-defined discrete energy. Yet, QDs are coupled to the vibrational modes of the crystal they
are embedded in, limiting the coherence of the quantum states. An exciting and open challenge made
possible by the recent progress in nanophononics is to engineer the interaction between phonons and a
single quantum emitter. We aim at demonstrating acoustic cavity quantum electrodynamics phenomena
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with single QDs. By precisely positioning a single QD in an acoustic cavity, we ambition to enhance the
emission of phonons with a well-defined frequency and spatial mode. We will use the unique technology
developed at the C2N to precisely position a single QD in an acoustic cavity. The technique allows us to
achieve a deterministic coupling of a QD with an optical microcavity. By the same token, it will be possible
to deterministically couple a QD to a single-mode nanomechanical resonator, taking into account the
design principles discussed in Chapters 4 and 5. Up to now, none of the active groups in QDs-CQED and
nanophononics has attempted to engineer the phononic environment (at 10's of GHz frequencies) of a
single quantum dot to control the quantum emitter properties. One of the major roadblocks in the
development of a network-based on QDs is their dispersion in size and thus in the X energy. The ability of
the acoustic phonons to couple to excitons regardless of their energy is a solution that has not been
explored yet to propagate quantum information. Such possibility has only been proposed in the context of
optomechanics, with first results with the use of surface acoustic waves and superconducting qubits. During
the following years, | plan to develop the first building blocks of such a phonon-bus for optically active solid-
state quantum bits.

The objective is to demonstrate for the very first time the 10
engineering of the phonon density of states around a
single QD so as to make the phonon coupling a tool for
future quantum applications. We will measure the
modification of the phonon density of states through the
investigation of the phonon-assisted emission of a single
QD coupled to an acoustic micropillar cavity, i.e., the [ Sekesphonon
spontaneous emission and absorption of acoustic 0
phonons. While the zero-phonon line of a QD emission is
a few HeV wide, the bulk phonon-assisted emission Figure 39_: Schematlc_lndlcatlng th«_e Stokes emission related
to an exciton (X) assisted by confined acoustic phonons of
spreads on a few meV, resulting in a very low signal at a energy o,,..
given energy. By varying the acoustic cavity parameters
(geometry, materials, thickness), we aim at demonstrating the phonon Purcell effect, manifesting itself by
an enhanced phonon emission at the acoustic cavity energy. Note that the optical cavity will be used here
to strongly enhance the phonon-assisted emission, as it was recently demonstrated.

Confined phononic [O)
04 - modes

PL Intensity (arb. units)

L

Energy (arb. units)

The demonstration of the phononic Purcell effect would constitute the first building block towards the
conception of more complex devices. For instance, we will aim at demonstrating an acoustic phonon
exchange between two single quantum dots. The objective would be to probe the induced change in the
acoustic-phonon population by a first QD in a resonator by measuring the phonon sidebands of a second
QD emission. Such observation would be the first evidence of the coupling of two electronic states
mediated by the same ultrahigh-frequency phonon confined mode.

By bridging the gaps with other research fields such as optomechanics, plasmonics, polaritonics, and
quantum technologies, | am confident that nanophononics has great potential to unlock new paths in the
engineering of nanodevices and unveil a plethora of novel and exciting physical phenomena.
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