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1. Introduction/background
The long‐term vision of PHENOMEN project is to harness the potential of combined phononics,
photonics and radio‐frequency electronic signals to lay the foundations a new information technology
based on the manipulation of phonons and their coupling to photons and RF electronics. To this end,
PHENOMEN will exploit cavity opto‐mechanics to prove the concept of GHz‐frequency phononic circuits
in a silicon chip working at room temperature and consuming low power.
2. Description of the deliverable
The objective is to provide an overview of the project objectives accomplishment at an early stage of
the project (M1‐M6) as well as to summarise management of the consortium activities. Short Interim
Report M6 is requested in the GA # 713450.
3. Project objectives for period M1‐M6
i)
ii)
iii)
iv)

v)
vi)
vii)

Go beyond the actual theoretical framework and design integrated NOMS and RF components at
circuit level (WP1).
Improve the design of existing opto‐electro‐mechanical structures and create new ones (WP1).
Define, design, fabricate and characterize the basic components for OM based phononic circuitry:
sources, detectors, phonon processing devices (WP2).
This WP does not start officially till M7. However, task T3.1 (Integrated Light Coupling) has been
started. This task, led by UPV, targets the efficient excitation of OM cavity via integrated
waveguides (WP3).
To monitor the work of partners as per work package and of the project as a whole (WP4).
To coordinate dissemination and exploitation activities (WP4).
To liaise with the EC services for project monitoring. Work progress and achievements for period
M1‐M6 (WP4).

4. Work progress and achievements for period M1‐M6
4.1. Progress per partner
4.1.1. ICN2
Designs of OM crystal‐based geometries and CAD layouts:
ICN2 has designed three layout files containing OM crystal‐based geometries with different designs
(Figure 1).
 The first layout file (CAD1) contains single OM crystals with parabolic defects inserted between
two mirror regions where the same is repeated. The defects are created by introducing a quadratic
reduction of the pitch (d), hole radius (r) and stub width (hx). We have designed 10 different defect
regions, the different among them being the maximum defect depth ( ddefect/dmirror= rdefect/rmirror=
hx,defect/hx,mirror) varying from =0,95 to =0.5. 4 different beam lengths were investigated by
introducing additional cells in the mirrors while keeping the same number of cells in the defect.
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Objectives: Optimization of fabrication recipes using Q‐factors, OM coupling rates and self‐pulsing
maximum frequency as figures of merit. Investigation of the role of introducing linking tethers along
the direction of the beam.
 The second layout file (CAD2) is dedicated to disordered OM crystals and contains structures with
100 cells in which different degrees of disorder has been introduces in the hole position. Objectives.
Increase OM coupling rates by exploiting co‐localization of optical and mechanical modes of low
modal volumes.
 The third layout file (CAD3) contains pairs of OM crystals placed in parallel. Different mechanical
links have been introduced by connecting the two cavities through the mirror cell stubs.

Figure 1. Examples of the different geometries included in the different layout files generated so far by ICN2. The left and
central panel shows an overview and a single OM crystal included in CAD1. The right panel shows a pair of mechanically‐
coupled cavities included in CAD3.

Measurements:
On the basis of the previous designs, ICN2 has received 8 samples from UPVLC:
OM crystal nanobeams with standard tapered defect regions (CAD1):
‐PHENOMEN S2, S4, S5 (dedicated to optimization of fabrication recipes, BOX layer fully removed).
‐PHENOMEN S7 (only 800nm of BOX removed aiming to increase thermal decay rates):
measurements in process.
Best optical Q‐factors so far were about 3x104 and mechanical Q‐factors of 2x103. OM coupling rates
of 0.3 MHz at 5.5GHz, 0.2 MHz at 2.2GHz. Maximum self‐pulsing frequencies and mechanical lasing
at 0,4 GHz in the structures with the linking tethers.
The non‐linear dynamics of self‐pulsing coupled to the flexural mechanical modes appearing in the
tens/hundreds of MHz region has been studied in depth. This study has resulted in the acceptance of
a manuscript in Nature Communications that will appear online during the month of March 2017.

Figure 2. Optical (Left panel) and mechanical spectrum (right panel) of a single cavity included in PHENOMEN S2.
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Figure 3. Phonon lasing at 0,2 GHz using self‐pulsing as a driving source. On the left we show the mechanical spectrum
while on the right we show the transmitted signal as measured in the oscilloscope. The top image shows the specific
mechanical mode that has been driven into lasing.

OM crystal nanobeams with disorder (CAD2):
‐PHENOMEN S6: OM crystal nanobeams with disorder (disorder on hole position)
Optical Anderson localization has been experimentally verified with rather low Q‐factors (Q=103).
The simulations that have been done towards obytaining the optimum designs for displaying both
optical and mechanical Anderson localization has resulted in the acceptance of a manuscript to be
published in Physical Review B during the month of March 2017.
Coupled pairs of OM crystal nanobeams (CAD3):
Objectives. Achieve mechanical synchronization in extended mechanical modes by weakly linking
two beams placed in parallel.
‐PHENOMEN S8: The sample has been received the 20th of February and the measurements are still
to be started.
Experimental techniques upgrades:
ICN2 has acquired a Vector Network Analyzer with 4 ports working up to 50 GHz. ICN2 has upgraded
the experimental setup to extract information both of the intensity and phase of the transmitted
and/or reflected signal by the OM cavities.
New people appointed:
Dr. Jeremie Maire was hired from January 2017 for a doctoral position of 32 months.
4.1.2. CNR
Surface acoustic waves:
CNR started working on Surface Acoustic Wave (SAW) based devices, with the goal of integrating
SAWs in optomechanical devices for Coherent Phonon Detection. The following activities have been
started and are currently running:
1. Substrate choice: A proper choice among different substrates is under investigation. We devised
three different options: III‐V materials, Si on LiNbO3 or AlN on Si.
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 III‐V material will be made of a heterostructure of GaAs on Al0.7Ga0.3As boxes; the thin GaAs
layer can be suspended and can act as a photonic layer thanks to the large GaAs refractive
index. Moreover, GaAs is a piezoelectric material and SAWs can be excited by directly
fabricating Interdigitated Transducers (IDTs) on the top surface. The main drawback of this
choice is the challenging integration with a Si‐based platform where the phonon source will be
eventually realized. The heterostructure has been bought and fabrication tests are currently
ongoing.
 LiNbO3 substrates currently are the main choice for SAW‐based technology applications
although the material itself is not very suitable for patterning and therefore for hosting
photonic devices. An alternate solution in which a silicon chip is coupled on a LiNbO3 substrate
is envisaged. This approach considers either coupling through a matching liquid or direct
deposition of a Si layer on top of the piezoelectric substrate. The former technique is
investigated by CNR Pisa focusing on understanding the maximum frequency at which the
SAWs can be operated while maintaining a good coupling efficiency while the latter approach
is investigated by UPVM with CNR support where assessment of the silicon layer quality after
deposition is under consideration. In fact, the Si layer would be amorphous and this could
make the realization of good optical components quite challenging.
 Direct deposition of a piezoelectric component on a SOI chip would represent the key to
integrate RF functionalities on an optomechanical platform. The compatibility of the different
processing steps, especially considering etching selectivity, is currently investigated by VTT
with CNR and UPVM support considering AlN as the piezoelectric material of choice.
2. SAW devices simulations (with IEMN): we are investigating SAW propagation from a theoretical
point of view in order to design devices with opportune phonon functionalities. Correlating the
simulations with the experiments will validate our design tool and offer some insights on the best
ways to couple phonons with complex optomechanical devices. In particular, we are currently
devising two kinds of passive structures:
Periodic gratings: acting as 1D phononic crystals, we will characterize the transmission of
SAWs through long stripes made with metals in LiNbO3 or with etched trenches in GaAs. The
measurements of band gap extinction ratio will give us an important feedback on the
scattering strength of the single stripe, which will be an essential parameter for future design
and simulations.
 Random gratings: we are investigating possible localization effects on phonons in 1D random
structures. These kinds of phenomena are not only interesting from a fundamental point‐of‐
view, but by locally enhancing the displacement, they could be useful for an enhanced phonon
detection sensitivity.


Infrastructures (equipment):
All the durable equipment to assemble an optical characterization bench in the NIR has been bought
and the setup is under construction.
New people appointed:
A researcher has been hired (Dr. Simone Zanotto) who is taking care of optical characterization
measurements, using his good background in integrated photonics and far field optics. A grad
student (Andrea Ottomaniello) is currently in training to become able to design, fabricate and
characterize acoustic devices.
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4.1.3. VTT
WP2, Task 2.1 and Task 2.2:
‐Simulation of 1‐dimensional AlN phononic crystals with dimensions below 1 m. The results show
that band gaps at frequencies above 10 GHz can be realised using dimensions that are still
lithographically viable. The aim is to attach BAW launchers and detectors to the beams and
investigate the transmission of the devices using electrical excitation at frequencies above 10 GHz,
both experimentally and by simulations.
‐Investigations of the potential to use sputtered AlN:Sc piezoelectric film as SAW launchers to couple
the mechanical field into Si OM beams (in collaboration with CNR, UPV and ICN2).
‐Investigation of the possibility to realise a phononic amplifier based on piezoelectric materials. The
final target is to integrate the amplifier to phononic waveguides.
4.1.4.

UPV

Relevant work/achievements:
Production of high‐quality samples containing OM cavities on Si nanobeams for testing using tapered
fiber by partner ICN2.
Investigation on the two strategies for integrated light coupling (lateral evanescent coupling by a
parallel waveguide and direct in‐line coupling) started.
COMSOL platform for full modelling of OM cavities fully operative.
‐

Calculations in progress

We are trying to design – using COMSOL and RSoft ‐ an OM cavity with
Relevant work/achievements:
Production of high‐quality samples containing OM cavities on Si nanobeams for testing using tapered
fiber by partner ICN2.
Investigation on the two strategies for integrated light coupling (lateral evanescent coupling by a
parallel waveguide and direct in‐line coupling) started.
COMSOL platform for full modelling of OM cavities fully operative.
Calculations in progress:
We are trying to design – using COMSOL and RSoft ‐ an OM cavity with g > 1 MHz and having a full
phononic bandgap for the mechanical mode providing the maximum value of g. Our idea is to mix
two different OM cavities: the cavity with the largest OM coupling1, and the cavity with a phononic
bandgap2. First of all, an analysis of the unit cell structure used for the cavity design in Ref. 2 was
performed. Here, it was found a unit cell configuration where both the hole‐dielectric band and the

1
2

Appl. Phys. Lett 101, 081115 (2012)
J Gomis‐Bresco et al, Nat. Commun. 5, 4452 (2014)
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wings‐dielectric bands were uncoupled for values above 137 nm of hole radius, as it can be seen in
Fig. 4. Therefore, we can see a certain degree of parallelism with the cavity in Ref. 1.

Figure 4: Photonic band diagram (even modes)
for (left) a corrugated unit cell with hole radii of
137 nm, total height of 2000 nm and beam width
of 50 nm and (right) a unit cell without wings
having a hole of 137 nm of radius.

Taking into account the last result, different configurations were studied using the above corrugated
unit cell as mirror cell. A cavity design based on Ref. 2 was simulated then, which geometry is shown
in Fig. 5a. The OM coupling factor, , was also obtained and a maximum of 205
was found. The
calculations are presented in Fig. 5d. Here, the main contribution to the coupling factor is given by
the photo elastic effect. Besides the efforts performed in order to obtain a cavity with g>1 MHz,
different configurations in order to be able to couple light and phonons with the cavity have been
also analysed. The configurations shown in Fig. 5b and Fig. 5c are few of the structures proposed and
are still under study. The first one aims to coupled light with a bent waveguide via evanescently
coupling and it has been built joining two different cavity designs from the previously mentioned
papers. On the other hand, the structure in Fig. 5c has been proposed as a configuration in order to
extract phonons from the waveguide. Different simulations concerning the last proposals are in
progress.

Figure 5. (a) OM cavity design based on the corrugated unit cell. (b) OM cavity design studied to use a lateral coupling in
the middle of the sample. (c) OM cavity design studied in order to extract phonons from the waveguide from a wing
extremely high. d. Total OM coupling factors (blue) from a and them different contributions from the photo elastic effect
(orange) and moving boundaries effect (yellow).

Samples fabricated:
The mask‐aligner used in the UPV clean‐room for part of the processing was broken‐down during M3
and M4, so there is a small delay in these activities that we expect to recover during the whole
project.
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We have fabricated samples for testing by ICN 2 in WP2 (phonon sources). Figure 6 shows one of the
fabricated samples consisting in a version of the OM cavity in Ref. 2 but with larger wings in some
regions to kill the low‐frequency vibrations and achieve phonon lasing of the GHz modes.
Figure 6: SEM image of one of the OM cavities fabricated
for ICN2. In this case, the large wings are aimed at
attenuating or even suppressing the MHz acoustic
modes.

In addition, we have started the fabrication of samples for on‐chip excitation of the OM cavities. The
different studied configurations are schematized in Fig. 7a. In figure 7a and 7c the Raith gds design
built to fabricate the samples are shown. Finally, Fig. 7d shows a simulation in RSoft FullWAVE
performed in order to optimize the bent waveguide parameters as width and proximity. First
samples for direct excitation have been fabricated. However, we had a problem when removing the
silica layer using our mask‐aligner: it was over‐etched and first the suspended region was too long
and second the hole radius was too large (see Fig. 8). This problem has been fixed and next samples
are expected to be fabricated according to specifications.

Figure 7: (a) Integrating light coupling configurations. (b) GDS Raith design of the grating coupler used in the integrating
ight configurations. (c) GDS Raith design of the cavity and bent waveguide used for the coupling via evanescent waves. (d)
Bent waveguide structure simulated with RSoft FullWAVE.
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Figure 8: SEM images of fabricated samples. Imperfections in the samples due to problems – already fixed ‐ with the Mask
Aligner step. These samples contain different cavities for direct in‐line excitation of the OM cavity.

Experiments designed:
We have used an optical set‐up for spectral characterization in transmission of photonic waveguides
in the wavelength region between 1260 and 1630 nm. This set‐up will be available for the whole
project lifetime and will be upgraded for OM measurements (RF detection). Different measurements
of the sample shown in Fig. 8 are presented in Fig. 9, where the first row shows the simulated
transmission spectrum for different waveguides with a peak of resonance and a photonic bandgap.
Both, peaks and bandgaps can be also obtained from direct in‐line measurements and are presented
in the second row of Fig. 9. In all the measured spectrums it has been subtracted the transmission
spectrum from a waveguide reference. Maximum quality factors Q of the order of 300 have been
measured in some circuits. However, it has to be noted that this low Q is probably due to the
fabrication imperfections. In addition, there is a blue‐shift of the resonance frequency of 200 nm
from the simulated resonance frequency, which can be explained by the larger holes as a result of
the over‐exposure to HF during the silica under‐layer removal, as previously explained.

Figure 9: Simulated (first row) and measured (second row) transmission spectrum for TE polarization of a set of samples
constituted by a silicon waveguide with a number of air holes in it. Wg9 shows a clear peak, a signature of an optical cavity
with Q ~300.
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The next designed experiments include:







Analysis and optimization of the cavity in Fig. 5 (a) to maximize and .
Analysis and simulation of Fig. 5 (b) and 5 (c) as a way to integrated light in a compact scheme.
This includes adiabatic and abrupt variations of the different unit cells.
Optimization and integration of grating couplers and bent waveguides (Fig. 6) into the chip
measurements instead of in‐line direct coupling.
Fabrication of a set of samples where the peak resonance has been previously measured with
different dose exposures. This will be performed in order to obtain different hole radius and
study the peak frequency shift.
Measurement of corrugated cavities as Fig. 6 (a) with in‐direct line coupling.

New people appointed:
Ms. Laura Mercadé was hired on September 2016 to carry out her PhD Thesis within PHENOMEN.
Since February 2017, she is granted by a 3‐years PhD grant (funder: UPV). A post‐doc researcher is
expected to be hired by April 2017.
4.1.5. UNIVPM
Relevant Work/Achievements:
 We are dealing with i) the theoretical investigation and ii) the numerical implementation of a
full‐wave model of the ElectroMagnetic‐Continuum Mechanics (EM‐CM) coupled physics, in the
frequency domain. The first, basic model is based on the Transformation Optics (TO) method,
which, fundamentally, inserts the mechanical displacement of the resonant cavity into the
electromagnetic constitutive parameters (relative permittivity and permeability). The latter
position makes it possible to take into account of the characteristic moving boundaries effect,
which, in turn, are combined to the previously implemented photo‐elastic effect, thus providing
a complete self‐consistent modelling of the EM‐CM. A considerable advantage in using such an
approach is that we can consider both EM and mechanical losses of the medium, which
represents a remarkable step further with respect to the standard perturbative method3. For
the definition and numerical implementation of the EM‐CM PDE system we are implementing a
computational platform based on the COMSOL Multiphysics software that interacts with
external home‐made subroutines and dynamic‐link libraries (DLL).
 Difficulties arise in better understanding some of the theoretical aspects of the CM PDEs
system: we are able to control the ruling mechanical equation (i.e. the equation of the balance
of linear momentum).
 The aforementioned work/achievements are related with Task 1.2, opto‐mechanical coupling
and cooperativity design.
 We are developing a first full‐wave model for the space‐time discretization of the Acustic Wave
(AW) equation by using the Transmission Line Matrix (TLM) method. This feature can be related
to Task 1.1, Phonon propagation.
Calculations in progress:
3

Transformation optics simulation method for stimulated Brillouin scattering, Roberto Zecca, Patrick T. Bowen, David R. Smith,
Stéphane Larouche, Phys. Rev. A 94, 063818 (2016)
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We are simulating a 2D domain in which the coupling between the EM and the acoustic waves is
performed. Such a structure represents a “testing environment” for the analytical/numerical model,
which will then be transposed to a specific device geometry.
New equipment acquired or ordered:
Purchasing of 2 Laptop ASUS (2.800€ in total).
4.1.6. USTL
Relevant work/achievements:
During this period, we implemented the initiation of three tasks which are all based on a nanobeam
structure containing a periodic array of holes and stubs (Figure 10). This structure was first suggested
so that it would in display both photonic and phononic bandgaps4. Then, it was investigated
numerically and experimentally to show high cavity optomechanic coupling coefficients5.

Figure 10: Schematic representation of the nanobeam structured with stubs and holes. Definition of the geometrical
parameters.



4
5

Recent experiments on this structure showed that the excitation efficiency of the high
frequency phonon cavity modes (above 2 GHz) useful for optomechanic applications can be
limited by a preferential excitation of very low frequency phonons (below a few 0.1 GHz). One
proposed solution to eliminate such undesired effect and avoid these low frequencies modes of
vibrations would be to add very thin tethers that link either the stubs between themselves or
the stubs to the neighbouring substrate. The calculation presented below showed that the latter
solution may be promising for killing low frequencies modes below 0.2 GHz. Figure 11(a)
represents respectively the dispersion curves when the elementary unit cell of the nanobeam is
free (left inset) and connected to the substrate by tethers (right inset). The following
geometrical parameters have been used for the calculation: a = 500nm, r = 0.3a, e =0.44a, d
=0.5a, =0.05a, and l =0.3a. The comparison of the two situations show that in the dispersion
curves for the structure with tethers the phase velocities of the lowest branches have drastically
increased and go towards the transverse velocity of silicon represented with the red solid line. It

Y. Pennec et al. AIP Adv. 1, 041901 (2011)
J. Gomis et al, Nat. Commun. 5, 4452 (2014)
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results that the density of states decreases significantly in the low frequency range. Figure 11(b)
shows that the four lowest branches belong to the whole structure, including the substrate.
Therefore, these modes are expected to become weak in the nanobeam when the substrate is
sufficiently large. However, one drawback of the structure with tethers is the apparition at
higher q of new stationary branches (#1 and #2) which belongs to the nanobeam (mode 1) or to
the tethers (mode 2).

Figure 11 (a) Calculated dispersion curve of the nanobeam unit cell for free (left) and connected top‐boundaries (right). (b)
Displacement field of the connected nanobeam for (from left to right): the first 4th branches at low frequencies (l=0.3a),
the mode 1 and mode 2 in figure 2 (l=1.2a).



Since the general objective of the project is to study the propagation of phonons between
optomechanic cavities and the coupling or synchronization of several cavities, we started to
consider the phonon propagation through the nanobeam without or with a cavity defect. Here,
the defect is simply defined by increasing the distance between the two stubs at the middle of
the structure (Figure 12a). This simple defect was chosen in the first step for the purpose of
computational facilities. Nevertheless, in future works, more sophisticated cavities with high
quality factors will be studied such as those of Oudich et al6.

Figure 12: (a) Schematic representation of the defect inside the nanobeam and displacement field calculation. (b)
Transmission calculation for different length 'g' of the two neighbouring stubs of the defect, from 0.0 to 0.3a. (c)
Displacement field calculation at the frequency of mode B.

6

M. Oudich et al. PRB, 89, 245122 (2014).
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The transmission spectrum of Fig. 12(b) illustrates the existence of narrow transmission peaks in
the band gap of the phononic crystal which are associated with localized modes inside the
cavity. By increasing the length of the two neighbouring stubs of the defect from g=0 to g=0.3a,
the transmission peak shifts to lower frequencies. We started investigating the behaviour of the
modes as a function of the geometrical parameters. In another preliminary calculation we
considered the transmission through a set of two phononic crystals containing a cavity (see for
instance Figure 13) and especially the effect of the distance between the two phononic crystals
on the whole transmission and the excitation of each cavity. In Figure 13 a harmonic excitation
at the frequency of the cavity (2.053GHz) with antisymmetric polarization is launched at the left
part of the nanobeam. This incident wave excites the first cavity, travels along the straight
waveguide and then excites the second cavity. Even if the field is still enhanced in the second
cavity with respect to the incident wave, the total energy decreases from one cavity to the
other.

Figure 13: Transmission of the cavity mode from one cavity to another through a connected waveguide.



In parallel to phonon propagation, we also started the study how a photonic mode of the
phoxonic cavity can be excited by means of an external waveguide bringing the incident light
(see Figure 14). Indeed, this is a necessary step in the optomechanical excitation of a cavity. We
considered two geometries where the two waveguides are located side by side or a top on top.
Different configurations of the periodic arrays have been considered, playing with mirror
properties of the photonic structure.

Figure 14: Excitation of the photonic cavity modes following the (left) side by side and top on top (right) configurations.

The transmission spectra of Fig. 15 illustrates the existence of transmission peaks in the second
nanobeam inside the band gap of the photonic crystal which are associated with the coupling of
localized modes between the cavities of two nanobeams. By increasing the distance between the
two neighbouring nanobeams from 0.5 to 1.5 m, the transmission peak is redshifted and supressed.
The mode coupling is better in the case of a top on top coupler, but the efficiency of a side by side
coupler can be improved using planar shift between nanobeams. In the case of short distances
between nanobeams there is the splitting of defect modes (see figure 16). The efficiency of
waveguide mode transfer from one nanobeam to another one can be improved by increasing the
number of perfect cells, forming a Bragg mirror, along the unwanted directions (see figure 16b).
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a

b

Figure 15: Waveguide mode transmittance spectra in the second nanobeam in the case of two configurations of defect
mode coupler schematically presented in Fig. 5 for various nanobeam distances.

T2

a

T2

b

Figure 16: Observation of the defect modes splitting in waveguide mode transmittance spectra in the second nanobeam in
the case of top‐on‐top configuration of defect mode coupler (see Fig. 14) for various nanobeam distances for symmetric (a)
and asymmetric (b) quasi 1D photonic crystals with defect.

Calculations in progress:
The preliminary studies mentioned in the 3 points above need to be continued and deepened.
1. The effect of tethers linked to the substrate will continue with new purposes such as a systematic
study of the geometrical parameters and the effect of the tethers on the higher modes (above 2
GHz) used for the optomechanical coupling. A deeper analysis of tethers effect on propagation,
leakage and loss of the low frequency phonons is needed, also with the help of transmission
calculations.
2. The phonon transmission through the nanobeam will progress toward the cavity–cavity and
waveguide‐cavity coupling, the decay of the cavity mode and the losses during propagation. Mode
conversion resulting to the breaking of symmetry of the phononic crystal and/or the cavity will be
considered.
3. The excitation of the photonic cavity mode needs to be improved as concerns the relative position
of the two waveguides and their full geometries (for example the incident waveguide being open or
closed with a photonic band gap). In parallel, the electromagnetic propagation through the
nanobeam, with and without a defect will be studied.
4. During the meeting, we initiated a discussion with the CNR partner about the scattering of SAW on
a substrate by a phononic crystal created at the surface. The latter can be for instance composed by
an array of pillars (or ridges in one dimension) and contribute both to the scattering of the waves
towards the substrate or to localization phenomena in the case of defected or disordered crystal.
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New people appointed:
Alexander Korovin is hired from January 2017 for a post‐doctoral position of 12 months.
4.1.7. MENAPIC
New people appointed:
Giancarlo Cerulo will arrive on March 6th, 2017. Giancarlo is the engineer that will work on
PHENOMEN project, so this is a relevant step.
4.2. Progress at Work Package Level
4.2.1. WP1 Theory and Modelling (leader IEMN)
Active tasks and work performed:
Task 1.1. Phonon propagation.


Development of a first full‐wave model for the space‐time discretization of the Acoustic Wave
(AW) equation by using the Transmission Line Matrix (TLM) method (UNIVPM).



Phonon and photon propagations in nanobeam structures (constituted by periodic holes and
stubs) without or with a defect cavity. Calculations of the transmission spectra and the fields
inside the cavity (IEMN)Task 1.2. Optomechanical coupling and cooperativity design. Using FEM
and FDTD parameters governing the OM device performance will be maximised: OM coupling
and optical and mechanical Q factors. Comparison of photoelastic (material dependent) and
moving boundaries (geometry dependent) mechanisms in the OM interaction will be made.
Non‐linear and multiphonon processes will be addressed. ICN2, USTL, CNR and UNIVPM:
simulataneous calculation of phononic, photonic and OM rates.

Task 1.2. Optomechanical coupling and cooperativity design.


Theoretical investigation and numerical implementation of a full‐wave model of the
ElectroMagnetic‐Continuum Mechanics (EM‐CM) coupled physics, in the frequency domain. The
computational platform is based on the COMSOL Multiphysics software that interacts with
external home‐made subroutines and dynamic‐link libraries (DLL). A considerable advantage in
using such an approach is that we can consider both EM and mechanical losses of the medium,
which represents a remarkable step further with respect to the standard perturbative method.
(UNIVPM)



Effect of tethers joining the stubs to a substrate on the low frequency phonon density of states.
The objective is to eliminate these modes which are detrimental for an efficient optomechanic
coupling. (IEMN)
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Task 1.3. Device parameterization.


A global circuit functionality, for valid support to the proposed device designs.

Submitted deliverables:
All the deliverables and milestones related to this WP start from month 12.
Main achievements:
- Progress in the time‐space modelisation by TLM approach. Progress in the numerical
implementation of the full‐wave coupled electromagnetic‐acoustic waves.
- Progress in understanding of the best ways to couple two photonic waveguides for cavity
excitations.
- Progress in the understanding of the effect of tethers on low frequency modes of the
nanobeams.
Submitted deliverables:
- All the deliverables and milestones related to this WP start from month 12.
Use of resources:
Purchasing of 2 Laptop ASUS (2.800€ in total).
Corrective actions:
N/A
4.2.2. WP2 Components (leader: CNR)
Active tasks and work performed:
Task 2.1. Coherent Phonon sources.
UPVLC has fabricated a first set of optomechanical nanobeams based on a previously defined design
[J. Gomis‐Bresco, D. Navarro‐Urrios et al., Nat. Comm. 5, 4452 (2014)] , optimizing Q‐factors, geometries and
optomechanical coupling rates to achieve a coherent phonon with frequencies as large as possible
(exploiting the Self‐Pulsing phenomenon). At the same time structures with novel designs have been
fabricated. Structures to explore the physics of random systems have been designed by imposing a
disorder on the hole position (Sample Phenomen S6). To test the possibility of mechanical
synchornization, two nanobeams in parallel have been weekly linked together (Sample Phenomen
S8). The devices are characterized by ICN2.
Task 2.2. Coherent Phonon Detector.
Testing and designing the best platform for integrating Surface Acoustic Waves (SAWs) and
photonics.
III‐V materials: heterostructured wafers have been bought (GaAs/Al0.7Ga0.3As/GaAs –
substrate/1.5m/220nm) and fabrication tests have been started. Interdigitated Transducers (IDTs)
have been realized through “lift‐off” processes while we are currently performing dry/wet etching
tests to define patterns and release the structure.
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LiNbO3 based: the substrate has been bought and IDTs fabricated through etching of a thermally
evaporated metal layer. To assess the scattering strength on SAW propagation, Finite‐Element‐
Method (FEM) transmission simulations of periodic and aperiodic passive devices are running. The
possibility of coupling a Si‐based layer through matching liquid coupling (see, for example, Z. Ma et
al., Anal. Chem. 88, 5316 (2016)) of by direct deposition is under investigation.
AlN: the feasibility of directly depositing AlN on a SOI chip is under investigation. A special attention
is devoted in understanding the etching selectivity of the SiO2 box and AlN itself.
An evaluation of the best technology is under investigation and the involved partners are discussing
the matter through emails and conference calls. In the M12 deliverable we will show the definitive
technology for the project final goals.
Task 2.3. Phonon Processing Devices.
FEM design of phononic crystal devices are ongoing. As initial starting point we considered SAW
propagation by employing IDTs as a source and detectors with some complex phononic structure
between them.
Main design considers periodic and aperiodic metallic stripes on LiNbO3 to respectively create stop
bands, localized modes or Anderson‐localized resonances in 1D phononic systems.
For III‐Vs and Si, 2D phononic crystals can be obtained by surface patterning. As a first task, coupling
of the SAWs in a narrow phononic crystal defect waveguide is considered.
Regarding RF processing, some basic ideas are discussed: among them the possibility of modulating
one arm of a phononic Mach‐Zender through SAW is under investigation.
Furthermore, simulation of 1‐dimensional all AlN phononic crystals are currently running. The aim is
to attach Bulk Acoustic Waves (BAW) launchers and detectors to the beams and investigate the
transmission of the devices using electrical excitation at frequencies above 10 GHz, both
experimentally and by simulations

Figure 1: Basic FEM simulations of SAWs; eigenmodes of an IDT (left panel) and SAW propagation and coupling with a Si
layer (right panel)
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Main achievements:
Optical characterization of Self‐Pulsing induced coherent phonon vibrations up to 0.4 GHz in a
properly designed sample.
Verification of optical Anderson localization on disordered nanobeams with low Q‐factors (~1000).
Excitation of SAWs on a LiNbO3 substrate and characterization employing a Laser Doppler
Vibrometer. Displacements as low as few picometers have been easily measured for SAW
frequencies from 100 to 300 MHz.
Realization of IDTs on GaAs/AlGaAs materials
Simulations of AlN phononic crystals show that band gaps at frequencies above 10 GHz can be
realised using dimensions that are still lithographically viable.
Submitted deliverables:
N/A. All the deliverables and milestones related to this WP start from month 12.
4.2.3. WP3 Integration & Validation (leader: UPV)
Active tasks and work progress:
This WP starts officially at M7.
Task 3.1. Integrated light coupling. (UPV, VTT, CNR, ICN2).
Two configurations are being investigated by UPV: lateral evanescent coupling by a parallel
waveguide and direct in‐line coupling. As previously described, simulations are ongoing and first
samples have been fabricated and characterized.
Main achievements:
Discussions on advanced designs have started.
Submitted deliverables:
N/A. All the deliverables and milestones related to this WP start from month 12.
4.2.4. WP4 Management & Dissemination
All tasks are active. During the first six months the following activities were undertaken.
4.2.4.1.

Management

4.2.4.1.1.








Coordination Activities:

Signature of the Grant Agreement.
Preparation and signature of the Consortium Grant Agreement.
Arrangement of financial accounting for the project.
Submission of 4 deliverables (D4.1, D4.2, D4.6 and D4.7).
Organization of Kick‐off Meeting (Barcelona, 16th of September 2016).
Organization of Consortium Meeting (Lille, 23rd & 24th of September 2016).
Development of the project website.
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Setting up PMC Committee.

Status:
The work performed during the first 6 months follows the original plan. No deviation to be reported.

4.2.4.1.2.




Use of resources and financial statements:

Pre‐financing of 1.457.942,87€ was prepared by EU out of which 145.794,29€ were debited
to constitute the Guarantee Fund. On August 30th, 2016 the Coordinator received
1.457.942,87€ from EU.
During September 2016 and October 2016 the Coordinator proceeded to the transfer of
pre‐financing to the Consortium partners according to the following distribution:

Partner:
Date of transfer
Amount

CNR

VTT

UPV

UNIVPM

USTL

MENAPIC

29/Sep/2016
119.248 €

30/Sep/2016
311.093 €

30/Sep/2016
240.125 €

4/Oct/2016
190.375 €

28/Sep/2016
158.662,50 €

29/Sep/2016
111.812 €

4.2.4.1.3.

Intellectual Property:

Amendment in preparation on the IP generated by A. Davos/MENAPIC while on secondment
from CNRS.
4.2.4.2.

Dissemination

4.2.4.2.1.

Published papers and conference presentations
D. Navarro. Nonlinear dynamics and chaos in an optomechanical beam.
Accepted for publication in Nat. Comm. arXiv preprint arXiv:1609.04390
2016. (ICN2).
Accepted paper for the next 2017 IEEE International Microwave Symposium
(IMS 2017, 4 ‐ 9 June 2017 in Honolulu, Hawai, USA): “Accurate Analysis of
Plasmon Propagation in Metal and Graphene Nanostructures”.
ACKNOWLEDGMENT to PHENOMEN. (UNIVPM).
Submitted paper “Electro‐Thermal and Quantum Analysis of CNT‐based
Interconnections”, for the next 2017 IEEE MTT‐S International Conference on
Numerical Electromagnetic and Multiphysics Modeling and Optimization for
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RF, Microwave, and Terahertz Applications (NEMO 2017), May 17‐19, Sevilla,
Spain. ACKNOWLEDGMENT to PHENOMEN. (UNIVPM).
Submitted paper to IET, Electronic Letters, “THz plasmonic resonances in
hybrid reduced‐graphene‐oxide and graphene patterns for sensing
application”, presently under review. ACKNOWLEDGMENT to PHENOMEN
(UNIVPM).
L. Pierantoni is endorsing the submission of papers to the IEEE Microwave
Theory and Techniques Society’s 2018 International Microwave Symposium
(IMS2018), Philadelphia, June 11‐15, 2018. Submissions into topic RF
Nanotechnology (peer reviewed). Deadline: Dec. 2017. Alternatively, he
proposes (IMS 2017) the organization of a Focus Session (FS) proposal on “RF
Nano‐Opto‐Mechanics (NOM)”. Deadline for submitting proposal: Aug. 2017.
L. Pierantoni also proposes the paper/submission/participation (at least for
UNIVPM) to the 17th IEEE International Conference on Nanotechnology (IEEE
NANO 2017), Pittsburgh, PE, July 25‐28, 2017.
4.2.4.2.2.

Suitable conferences to attend for dissemination
Phononics 2017. June 2017. Changsha.
Meta 17. July 2017. Seoul.
E‐MRS. May 2017. Strasbourg.

4.2.4.2.3.

Invited Talks
In the following Invited Talk, concepts and first models of the EM‐AW
coupling have been presented:
Davide Mencarelli, Invited Talk, “Developments of Microwave Microscopy
for application to biological samples”, submitted to the Special Session on
“Microwave Imaging, Probing, and Nanorobotics”, of the conference MARSS
2017, to be held in Montreal, July 2017.
D. Mencarelli, Invited Talk, , “Advanced modeling of RE devices based on
carbon materials”, September 27th, 2016, 14:00‐15:00, at RCIS, No. 3,
Okayama University.
Luca Pierantoni, IEEE DISTINGUISHED LECTURE, Sept. 27, 2016, 6th
International Conference on “Nanoscience and Nanotechnology 2015,
(N&N2016, Sept. 26‐29 2016), Italian Institute of Nuclear Physics (INFN),
National Laboratories of Frascati (Rome).

4.2.4.2.4.

Others
L. Pierantoni will visit the IEMN as invited Professor. During his visit, he will
give IEEE Distinguished Lectures, showing theory/results related to
PHENOMEN.
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4.2.4.3.

Training and Exchanges
The PHENOMEN project will be presented at the "Son et Lumière", a CNRS‐School in
April at "Les Houches", which is organized by (MENAPIC).
Technical Workshops were performed on the following topics:
‐ J. Ahopelto. Piezoelectric MEMs.
‐ D. Navarro. Phonon sources.
‐ Y. Pennec. Phononic Crystal waveguides and coupling
‐ A.Pitanti. RF‐coupling.
‐ M. Stocchi, Transformation Optics (TO) models

5. Conclusion
The project has got to a very good start.
6. Recommendations
Plan next project meeting to ensure focus and progress vis‐a‐vis international competition.
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