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Messina, 1 Ottobre 2019

Carissimi Tutti,

Colleghi del Collegio dei Docenti e Studenti di Dottorato,

È con grandissimo piacere che come ogni anno il Corso di Dottorato di Ricerca in Fisica, incardinato presso il
Dipartimento MIFT - Università degli Studi di Messina, apre il nuovo anno accademico con un appuntamento
graditissimo, ovvero la stesura dell'Activity Report. Quest'anno siamo arrivati alla X edizione con l'Activity
report 2019, che come è consuetudine raccoglie testimonianza puntuale e dettagliata dell'attività formativa e di
ricerca di tutti gli studenti di Dottorato dei Cicli ancora attivi per l'anno accademico in corso.

È per me particolare privilegio quest'anno, in qualità di nuovo Coordinatore, continuare questa tradizione in-
iziata nel 2010 in occasione della I Giornata di Studio del Dottorato di Ricerca in Fisica (10 Novembre
2010), organizzata dal collega Prof. Lorenzo Torrisi, già coordinatore del Dottorato di Ricerca in Fisica a
partire dall'anno accademico 2008/2009, �no all'anno accademico 2018/2019.

Desidero ringraziare di cuore a nome dei colleghi e degli studenti di dottorato dei cicli passati ormai conclusi e
dei cicli ancora attivi, l'amico e collega Lorenzo per questi dieci anni di successi e di traguardi raggiunti
dal nostro dottorato, grazie al suo infaticabile e costante impegno. Impegno tradotto in termini di sinergiche
collaborazioni scienti�che tra i nostri discenti e i ricercatori delle più prestigiose Università e Centri di
Ricerca italiani e stranieri e, impegno in termini di internazionalizzazione, grazie all'opportunità o�erta ai
nostri dottorandi di trascorre periodi, anche prolungati, di ricerca all'estero, nonché all'accoglienza di studenti
stranieri. Successi testimoniati dalle numerose pubblicazioni scienti�che su prestigiose riviste internazionali che
hanno visto e vedono i nostri dottorandi tra i principali co-autori e traguardi raggiunti grazie all'intuito, alla con-
vinzione e alla dedizione incondizionata che Lorenzo ha saputo riservare al Nostro Dottorato in tutti questi anni.

Ritengo che un buon Corso di Dottorato di Ricerca debba essere sempre attento e sensibile alle necessità dei
propri studenti, erogando loro un'o�erta formativa quanto più completa possibile ed una sempre più variegata
attività di ricerca in linea con le tematiche scienti�che più attuali. Particolare attenzione va inoltre posta nei
confronti degli �eventuali� discenti stranieri, partendo da una sempli�cazione delle modalità di partecipazione
all'esame di ammissione al corso di dottorato, in linea con le esigenze di internazionalizzazione dell'Ateneo
di Messina nonché con il Corso di Studi Magistrale in Fisica indirizzo Condensed Matter Physics
(Classe LM-17, Fisica), quest'ultimo totalmente erogato in lingua Inglese, incardinato presso il Dipartimento
MIFT. Vale la pena ricordare che il Nostro Dottorato di Ricerca in Fisica in passato è stato pioniere in tal
senso, con i vari studenti stranieri in co-tutela di tesi di dottorato a seguito di accordi con Università Straniere
di prestigio. Attualmente tra gli studenti del I anno del XXXV Ciclo, appena partito, il Corso di Dottorato
annovera una studentessa di cittadinanza Tunisina.

Il Dottorato di Ricerca in Fisica dell'Università degli Studi di Messina intende raccogliere e vincere questa ed
altre �s�de�. Auguro pertanto a tutti, ai componenti del Collegio dei Docenti, ai discenti tutti, a partire dal
ciclo XXXIII, che si appresta a concludere il suo percorso di massima formazione universitaria, passando dal
ciclo XXXIV che si trova a �metà� del suo percorso di studio e di ricerca �no al ciclo XXXV, al quale dedico
un pensiero ancora più a�ettuoso se ciò mi è concesso, perché è con esso che ha inizio questa mia avventura,
impegnativa ma al tempo stesso molto formativa, ne sono certa, in veste di Coordinatore e, a me stessa. . . di
riuscire a superare tutte quelle s�de scienti�che che il mondo dell'alta formazione universitaria e della ricerca
ci vorrà porre e proporre, lavorando tutti insieme (docenti e discenti) in grande sinergia.

Buon lavoro a TUTTI!
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Prefazione

Il Dottorato di Ricerca è un percorso di alta for-
mazione tecnico-scienti�ca che garantisce strumenti
metodologici e competenze tali da delineare una pro-
fessionalità altamente quali�cata nell'ambito della
ricerca e dell'innovazione tecnologica. Il dottorato
di ricerca mira a trasferire ai dottorandi una cul-
tura scienti�ca avanzata, le competenze e gli stru-
menti metodologici necessari per esercitare attività di
ricerca di alta quali�cazione. Il Dottore di Ricerca è
un �problem solver� con alta quali�cazione scienti�ca
che può ricoprire pro�li professionali di elevato livello
grazie alla capacità di a�rontare in modo autonomo
i problemi ed alla predisposizione a lavorare in team,
spesso in contesti di carattere internazionale. Il Dot-
tore di Ricerca è inoltre in grado di supportare pro-
cessi di trasferimento tecnologico e di contribuire a
sviluppare una vera e propria cultura dell'innovazione
nel contesto in cui opera. Nel suo iter formativo,
il Dottore di Ricerca si arricchisce nel dialogo con
la comunità scienti�ca internazionale sulle tematiche
più attuali della Ricerca & Sviluppo (R&S), matu-
rando familiarità verso le nuove tecnologie e la loro
ricaduta sul sistema produttivo, delineandosi come
una �gura strategica capace di coniugare sinergica-
mente Università ed Impresa. Il Dottore di Ricerca
è un manager della ricerca che possiede esperienza
nella ricerca universitaria e conoscenza delle esigenze
industriali e dei processi di trasferimento dei risul-
tati della ricerca, contribuendo ad aumentare il liv-
ello di innovazione industriale. La capacità di gestire
l'innovazione e l'originalità creativa nell'elaborazione
e nella realizzazione di progetti e servizi acquisite dal
Dottore di Ricerca sono aspetti strategici che pos-
sono risultare particolarmente utili all'interno delle
Piccole e Medie Imprese (PMI) che intendano in-
vestire in R&D. Le proiezioni della VII Indagine
nazionale dell'Associazione dottorandi e dottori di
ricerca (ADI) su Dottorato e Post-Doc mostrano
che - con i numeri attuali del reclutamento univer-
sitario - più del 90% dei ricercatori nella fase iniziale
della loro carriera abbandonerà l'Università dopo un
percorso fatto di contratti precari che può durare

�no a 12 anni. Il sotto-�nanziamento strutturale
dell'Università e il mancato ricambio generazionale
nel personale di ruolo rappresentano la prima, cron-
ica, emergenza che mette a rischio la sopravvivenza
dell'intero sistema della formazione e della ricerca:
è necessario dunque dare priorità ad un piano di ri-
�nanziamento e reclutamento in grado di riportare
il personale docente almeno ai livelli del 2008. Ri-
mane sul tavolo una domanda di fondo: in che modo
i settori pubblico e privato del nostro Paese sono
in grado di mettere a frutto le competenze accumu-
late dai dottori di ricerca? Dalle informazioni oggi
disponibili emerge dunque un quadro poco confort-
ante: la grande maggioranza dei dottori di ricerca è
occupata con contratti precari; il settore privato as-
sorbe meno del 40% dei dottori di ricerca e, al suo
interno, l'industria ne impiega solo un quarto. I dot-
tori di ricerca vengono scarsamente valorizzati, con
il loro bagaglio di competenze e conoscenze nel sis-
tema produttivo e imprenditoriale, come una risorsa
strategica per l'innovazione e lo sviluppo del tessuto
socio-economico nazionale. Da qui le manifestazioni
di interesse, se pur limitate, da parte delle Imprese
e le azioni intraprese dalle Università; infatti, ricerca
e sviluppo sono i due obiettivi su cui il mondo delle
imprese e quello della formazione hanno la possibilità
di fare fronte comune.

Il dottorato industriale, come si legge nella
de�nizione del Decreto Ministeriale dell'8 febbraio
2013 numero 45 all'articolo 11, può essere un mo-
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tore di crescita e sperimentazione sia per le aziende
che per le università. Il Dottorato Industriale è un
percorso triennale che prevede un progetto di ricerca
mirato alla formazione di un dottorando con compe-
tenze di tipo applicativo. L'iniziativa è portata avanti
grazie alla collaborazione tra l'università, un'azienda
e centri di ricerca, anche internazionali. Lo stu-
dente dottorando svolge le proprie attività lavora-
tive sia presso l'azienda che presso gli enti di ricerca,
dedicando il proprio tempo lavorativo al progetto
di dottorato industriale, i cui risultati saranno ef-
fettivamente applicati anche in un contesto azien-
dale. Dal canto suo, l'azienda ha a propria dispo-
sizione un candidato in grado di portare avanti un
progetto di ricerca di alta qualità, i cui risultati pos-
sono condurre ad esiti positivi in termini di imple-
mentazione industriale, con impatto immediato. Allo
stesso tempo, l'azienda ha la possibilità di ra�orzare
le proprie relazioni con dei partner universitari, po-
nendo le basi per nuove prospettive di ricerca e di
collaborazione fra Ateneo e settore privato. Per-
tanto, il dottorando può acquisire preliminari com-
petenze per divenire in futuro un esperto di inno-
vazione tecnologica, potendo così accedere a posizioni
manageriali negli ambiti industriali. Tutto ciò anche
per favorire l'inserimento dei Dottori di Ricerca nel
mondo economico-produttivo del nostro Paese senza
limitare gli sbocchi professionali al solo mondo ac-
cademico. Ciò è fondamentale in un momento in
cui l'Italia ha bisogno di ritrovare competitività. In
questo contesto, il Dottore di Ricerca può assumere il
ruolo di Innovation Manager, per inserirsi nelle imp-
rese e nella Pubbliche Amministrazioni come "anello
di congiunzione" tra il sistema della ricerca pub-
blica (che peraltro ha bisogno di accedere a cap-
itali privati) e quello produttivo. Nell'ambito del
�Programma Operativo Nazionale Ricerca e Inno-
vazione 2014-2020: Dottorati innovativi con carat-
terizzazione industriale �, nel 2018 è stata presen-
tata una proposta di progetto di Dottorato Indus-
triale da parte dei Professori del Dipartimento di
Scienze Matematiche e Informatiche, Scienze Fisiche
e Scienze della Terra (MIFT) dell'Università degli
Studi di Messina (Prof. Enza Fazio, Prof. Fortu-
nato Neri), del Consiglio Nazionale delle Ricerche �

Istituto per la Microelettronica e Microsistemi (CNR-
IMM) di Catania (Dr.ssa Rosaria Anna Puglisi, Dr.
Guglielmo Fortunato), dell'impresa �Elettronica Tir-
rito s.r.l.�, in collaborazione con l'Università di Cata-
nia e l'Università di Paderborn che ha come tema lo
sviluppo di un metodo di drogaggio di semicondut-
tori tramite molecole organiche autoassemblate (MD)
con possibili applicazioni anche nel campo delle celle
solari di terza generazione. La proposta si inserisce
perfettamente all'interno dell'area tematica �Indus-
tria intelligente e sostenibile, energia e ambiente�.

Oggi, il progetto approvato e �nanziato è stato in-
cardinato al XXXV ciclo del Corso di Dottorato di
Ricerca in Fisica presso l'Università degli Studi di
Messina. Si tratta del primo caso di progetto di
�Dottorato di Ricerca Industriale� di area Fisica �-
nanziato le cui azioni per lo sviluppo delle attività
del progetto sono oggi in essere. L'auspicio è che al-
tri progetti a caratteri industriale vengano proposti
nei prossimi anni, rappresentando un valore aggiunto
per il Dottorato di Ricerca in Fisica, per il Diparti-
mento MIFT dell'Università degli Studi di Messina e
per l'intero Ateneo messinese.

Messina, Italy
December, 2019

E. Fazio, F. Neri, V. Crupi
Dipartimento MIFT,

Università degli Studi di Messina,
Viale F. Stagno d'Alcontres, 31, 98166 Messina, Italy.

R. A. Puglisi
CNR-IMM,

Strada Ottava 5, Zona Industriale, 95121 Catania, Italy.
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Laser annealing process of P and Al implanted 4H-

SiC epitaxial layers

C. Calabretta1�2,∗, M. Agati2, M. Zimbone2, S. Boninelli2, A. Castiello3, A.

Pecora3, G. Fortunato2, L. Calcagno4, L. Torrisi1, F. La Via2
1MIFT, Università degli studi di Messina, Viale F. Stagno d'Alcontres, 31-98166 Messina, Italy
2CNR-IMM, VIII Strada, 5, 95121 Catania, Italy
3CNR-IMM, Via del Fosso del Cavaliere, 100-00133 Roma
4DFA Dipartimento di Fisica e Astronomia, Università degli studi di Catania, Via S. So�a 64, 95123 Catania, Italy;

∗Corresponding Author email: cristiano.calabretta@unime.it

Abstract

This work describes the development of a new method for ion implantation induced crystal damage
recovery using multiple XeCl (308 nm) laser pulses with a duration of 30 ns. Experimental activity
was carried on single phosphorus (P) as well as double phosphorus and aluminum (Al) implanted
4H-SiC epitaxial layers. The activity outcome shows that laser annealing allows to achieve full
crystal recovery in the energy density range between 0.50 and 0.60 J/cm2. Moreover, laser treated
crystal shows an almost stress-free lattice with respect to thermally annealed samples that are
characterized by high point and extended defects concentration. Laser annealing process allows
to strongly reduce carbon vacancy (VC) concentration in the implanted area and to avoid intra-
bandgap carrier recombination centres. Implanted area was almost preserved, except for some
surface oxidation processes due to oxygen leakage inside the testing chamber. However, the results
of this experimental activity give way to laser annealing process viability for damage recovery and
dopant activation inside the implanted area.

Keywords: 4H-SiC, laser annealing, ion implantation, dopant activation, micro-Raman, TEM.

Introduction

4H-SiC popularity, due to its favourable properties for
high-temperature and high-power applications, has re-
cently grown leading to its expansion in semiconductor
devices, and particularly in MOSFET technology. The
realization of MOSFET selected doped areas, such as
the source and body regions, are achieved through ion
implantation. However, low di�usivity of mostly used
dopants in SiC requires the use of multi-ion implanta-
tion with di�erent energies and doses to achieve selected
uniformly doped area. The realization of MOSFET's n-
type source region occurs through phosphorus ion im-
plantation, while the p-type body region is obtained us-
ing Al. The use of these processes involves the genera-
tion of a considerable implantation defectiveness, which
is only partially recovered by conventional thermal treat-
ments. Moreover dopant activation is strongly limited
both by dopant solid solubility, and by the attainable
annealing temperature in conventional high temperature
(HT) steps. Thermal annealing is also involved in VC
generation under standard thermal equilibrium processes
so that new non equilibrium methods based on short time
annealing duration are required. A comprehensive de-
scription of thermal annealing dynamics is provided by
transient model activation [1], which states that the ini-

tial activation speed for both donor and acceptor impu-
rities is extremely high and decrease rapidly with time.
Indeed, rapid thermal annealing systems, are able to ob-
tain high dopant incorporation eluding the usual impurity
deactivation due to solid solubility lowering during cool-
ing ramps. In particular, laser annealing technique counts
on ramps as high as 109 K/s and allows to obtain much
higher temperatures than conventional processes. After
�rst Hishida [2] and Ahmed's [3] laser annealing attempts
on 4H-SiC, Tanaka [4] pointed out that 4H-SiC melt
phase annealing was not a suitable post implant treat-
ment due to the impossibility of obtaining full 4H-SiC
epitaxial regrowth. Consequently excimer laser pulses un-
der sub-melting condition were proposed to perform a se-
quence of rapid thermal annealings in the ns time regime.
Boutopoulos [5] con�rmed the viability of this method
carrying out a structural micro-Raman analysis of multi-
shot laser annealing on Al implanted 4H-SiC. He observed
how Nd:Yag (355 nm) multiple irradiation method was
able to signi�cantly recover re�ectivity signal intensity in
the Restrahlen band. However, TEM analysis showed the
formation of polycristalline structure after laser annealing
process. Similar results are stated by Mazzamuto [6], who
claims to obtain full epitaxial regrowth from SiC melting
phase, though TEM analysis show polycrystalline lattice
recovery after ion implantation. The aim of this work
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is to o�er a pioneering characterization of laser anneal-
ing e�ects on implanted SiC with particular concern to
phase separation energy thresholds related to SiC non-
congruent melting. We perform an e�ective study of the
exploitable XeCl laser energies, as well as an atomic scale
characterization that con�rms the complete 4H polytype
maintenance under sub-melting regime.

Material and Methods

Experimental activity was conducted on SiC wafer sup-
plied by Cree with a nitrogen concentration of 1018

N/cm3. A 6 µm epitaxial layer was then grown along
the (0001) 4◦ o�-axis direction through low pressure hot
wall chemical vapor deposition. Source P ion implanta-
tion was performed at 500 ◦C with energies between 30
and 200 keV and �uences ranging from 1013to1014 cm−2

in order to obtain an almost uniform doped layer, 200 nm
thick, with a concentration of 1020 P/cm3. In the double
implanted sample a further multistep implantation was
performed with Al doses between 1012 and 1013 cm−2 at
400 ◦C. The wafer was then cut into several squares us-
ing a diamond tip to obtain di�erent samples on which we
performed the tests. In order to eliminate any impurities
on the surface, the samples were subsequently bathed in
isopropyl alcohol and dried by compressed air jet. Laser
treatments were carried out through a LPX 300 XeCl
pulsed excimer laser (308 nm), Lambda Physics, Göttin-
gen, Germany) with 40 Hz repetition rate.The samples
were so irradiated by a 1 mm x 20 mm uniform intensity
pro�le radiation inside a chamber under helium atmo-
sphere at a pressure of 1 x 10−2mbar. Substrate holder
inside the chamber was heated at a temperature of 580
◦C and a mobile stage allowed to implement an irradia-
tion process until 1000 shots/point. On the other hand,
isochronical (1 h) thermal annealings were carried out
at 1650 ◦C, 1700 ◦C, 1750 ◦C for P implanted samples,
while a sample subjected to double implantation was an-
nealed at 1650 ◦C for 30 min. The e�ectiveness of laser
treatments was veri�ed by micro-Raman and photolumi-
nescence analysis, carried out with a He-Cd laser source
(325 nm) and a LabRAM HR spectro�uorimeter (Horiba
Jovin Yvon, Kyoto, Japan) with a 1800 l/mm grating.
Structural investigation was performed using TEM mi-
croscopy on a 2010F Jeol microscope (Tokyo, Japan)
equipped with a Gatan image �lter for electron energy
loss spectroscopy (EELS).

Results and discussion

Laser thermal processing was �rst inspected by Raman
spectroscopy. This technique is widely used for SiC char-
acterization since it is non-destructive, requires no spe-
cial sample preparation and presents high sensitivity on
structural changes, so that a survey methodology to ver-
ify crystal damage recovery can be obtained. Indeed, it
is known that ion implantation process generates damage
inside the crystal, and although implantation is carried
out at 550 ◦C to avoid lattice amorphization, a decrease
of �rst order Raman peaks intensities has been observed

proportional to implantation dose [6]. With the increase
in the number of laser shots it is possible to observe
the recovery of the 4H-SiC characteristic phonon modes:
E2(TA) at 205.5 cm−1, A1(LA) at 612.1 cm−1, E2(TO)
at 776.0 cm−1, E1(TO) at 798.6 cm−1 and A1(LO) at
967.3 cm−1. The increase in the intensity of these Ra-
man peaks as a function of the radiation energy density
shows how the laser is able to produce an annealing e�ect
to recover sample crystallinity. Transverse optic E2(TO)
mode signal intensities were extrapolated from Raman
spectra and are reported in Figure 1a. In the case of 1
shot/point, crystal recovery is weak compared to as im-
planted sample signal. However, when the number of
shots is increased up to 1000 shots/point, it can be seen
that both samples with single and double implant exhibit
E2(TO) signal intensity enhancement and existence of 3
regions is found. Up to 0.30 J/cm2 E2(TO) peak inten-
sity remains low. Between 0.30 J/cm2 and 0.60 J/cm2

the TO mode signal sharply rises up to its maximum, un-
til the onset of phase separation, where 4H-SiC Raman
signal E2(TO) goes down and crystalline silicon peak at
520 cm−1 together with low carbon G band at 1592 cm−1

are detected. In thermally annealed samples, the attempt
to increase the fraction of dopant activated by increasing
the annealing temperature from 1650 ◦C to 1750 ◦C pro-
duces a 15% reduction in E2(TO) signal intensity and
broadening from 5.3 to 8.1 cm−1, due to the increase
in thermal generated defectiveness not only within the
projected range of the system but throughout the entire
sample, so that worsening of crystallinity is therefore de-
ducible. Raman signals coming from samples subjected
to double implantation are slightly lower than the single
implantation one. In this case, in fact, the presence of a
second 700 nm deep layer involves an increase of damage
and consequently a lowering of the Raman peak intensi-
ties. When the sample is irradiated with an energy above
the 0.60 J/cm2 threshold, Raman spectrum shows a fur-
ther peak at 520 cm−1.This new vibrational frequency
is associated with crystalline Si layers deposited on sur-
face due to phase separation occurring when SiC melting
temperature is reached. The identi�cation of this energy
threshold is consistent with the results coming from nu-
merical solution of heat �ow equation and expressed as

∂T

∂x
=

α

ρCp
I (z, t) +

1

ρCp

∂

∂z

(
k
∂T

∂x

)
(1)

I (z, t) = I0 (t) (1−R) e−αz (2)

where T represents the absolute temperature, ρ sample
density Cp the speci�c heat, k is thermal conductivity, I0
is laser intensity at the surface, R is surface re�ectivity,
α the optical absorption, z the depthfrom surface, I(z, t)
laser intensity. According to Equations (1) and (2), the
melting threshold of as-implanted SiC irradiated with 30
ns XeCl pulse length stands over 0.60 J/cm2 [7], while to
induce phase separation in crystalline SiC a laser energy
equal to 1 J/cm2 is required.

This prediction is based on the assumption that, when the
implanted layer thickness exceeds 200 nm, optical param-
eters are in reasonable agreement with that of bulk amor-
phous SiC. Samples subjected to thermal annealing also
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show a deviation from the nominal 4H-SiC vibrational fre-
quency between 1650 ◦C and 1750 ◦C (Figure 1b). The
e�ect arising from such a high thermal budget results in
the generation of a compressive (P implanted) and tensile
(P and Al implanted) stress particularly assessable along
the planar component, since the E2(TO) modes have an
atomic displacement perpendicular to the c axis [8].

∆ωE2 = (2aE2 + bE2)P = 3.59P (3)

aE2 = −1.55cm−1/GPa (4)

bE2 = −0.74cm−1/GPa (5)

where ∆ωE2 is the phonon frequency shift, aE2 and bE2

are the phonon deformation and P is the in plane pression,
it is therefore possible to provide an estimate of the stress,
which in the case of thermally annealed samples ranges
from 130 to 172 Mpa increasing with temperature. The
usual thermal processes generate a strong stress contribu-
tion that is due to multiple factors. In small part this is
due to the incorporation of the P or Al dopant responsible
for opposing stress contributions and to the shear stress
between the implanted area and the underlying epitaxial
layer, while the predominant role is related to the creation
of a high concentration of both point and extended defects
in the implanted region [9]. Samples subjected to laser
annealing show much smaller stress values. Especially in
high recovery ranges between 0.50 and 0.60 J/cm2, vibra-
tional frequencies close to epitaxial mode were detected
and calculated stress does not exceed 50 MPa, so that
almost stress-free samples resulted from laser annealing
process.The presence of an important crystal recovery ef-
fect is also visible by mean of the photoluminescence anal-
ysis revealing 4H-SiC band-gap signal recovery at 390 nm
through 1000 shots/point irradiation. Bandgap emission
signal tends to reach the intensity of thermally annealed
samples in the energy range between 0.50 and 0.60 J/cm2.
Moreover furnace-treated samples show a large spectral
defect related emission region peaked at 490 nm and with
175 nm FWHM which corresponds to wide defectiveness
area within the implant region. Out-of-equilibrium an-
nealing regimes, on the other hand, restore a spectrum
with lower intra-bandgap peak by a factor of 8-9, as well
as shifted to 550 nm emission wavelength similar to those
of epitaxial layer (as reported in[10]). Bright �eld TEM
analyses were performed to structurally characterize the
e�ects due to laser irradiation. Several extended defects
are detected inside the implanted area, as shown in Fig-
ure 2a in the case of the 0.60 J/cm2 laser annealed source
implant sample. The presence of these defects allows to
quantify the portion of implant survived to laser inter-
action. It was possible to estimate that within the 0.40
J/cm2 irradiated sample an implanted area of almost 130
nm was preserved (image not shown), while with the in-
crease of laser energy density this fraction is thinned to
90 nm . However, the cross section con�rms the data ob-
tained with Raman spectroscopy. In fact, in the inset of
Figure 2a, the di�raction pattern acquired on the [10-1
0] zone axis shows the full crystallinity of the implanted
area. From Figure 2a we can see that laser interaction

gives rise to a certain degree of surface misalignment, al-
though the crystal is kept under the 4H polytype. Figure
(2b) shows the 0.40 J/cm2 irradiated sample HRTEM.
It can be highlighted that inspected region maintained
the ABAC stacking characteristic of the 4H polytype un-
der the [11-20] zone axis up to the top. It is evident
that the crystal did not undergo any melting process that
would have produced 3C-SiC layer on surface combined
with the SiC columnar regrowth from the melt/solid in-
terface [6]. However, since SiC (0001) is characterized by
a relatively important surface energy [11], high temper-
ature treatments commonly promote surface desorption
of silicon atoms from the surface and consequent micro-
step formation. Nevertheless, the presence of a further
contribution to surface misalignment on many samples
is present in the form of spherical aggregates with aver-
age size of 131 nm and with 21 % of surface coverage.To
perform an elemental analysis the sample was analyzed
using STEM-EELS spectrum imaging. In Figure 3b we
reported the EELS spectra acquired in correspondence of
the region 1 and 2 of the sample, as indicated in Figure
3a. In the EELS spectrum corresponding to region 1,
we can easily recognize the characteristic SiO2 spectrum,
where it is possible to identify the Si-L1, Si-L2,3 and O-
K edges. The EELS spectrum corresponding to region
2, instead, shows the typical SiC signal coming from bulk
SiC. Therefore, once identi�ed surface aggregates as SiO2
compounds, it is possible to attribute their formation to
the presence of residual O in the chamber as an etch-
ing source. Studies of the reaction between O and SiC
[12] allow, in fact, to state that the interaction between
O and SiC at high temperatures is not only present in
the form of passive oxidation, but at low pressures it re-
sults in phenomena of active oxidation, leading to surface
etching and contextual important role in C surface seg-
regation. It can therefore be inferred that O presence in
chamber may have played a role in super�cial roughness
while etching contributions of the sample are due to the
local temperature rising at the surface layers and to the
presence of photochemical e�ects inherent to the inter-
action with the environment inside the chamber during
irradiation.
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Figure 1: a) Raman E2(TO) intensity peak and b)
Raman E2(TO) vibrational mode frequency vs energy
density for single source implant and double source
and body implants.

Figure 2: a) XTEM Bright �eld image of the 0.60
J/cm2 laser annealed source implant. The inset
shows the 4H-SiC di�raction pattern under [11-10]
zone axis. b) HRTEM of the source implant sample
subjected to 0.40 J/cm2 laser �uence showing peri-
odic ABAC stacking sequence acquired in correspon-
dence of the surface under the [11-20] zone axis. The
inset reports the related 4H-SiC di�raction pattern.

.

Figure 3: (a) STEM image of 0.40 J/cm2 treated
source implant surface and (b) electron energy loss
spectroscopy (EELS) spectra coming from surface ag-
gregates and from implanted area.)

Conclusions

In this article the results of laser annealing related to im-
planted epitaxial layers with single P implantation and
double P and Al implantations were compared with the
single thermal annealing treatment. From the work pre-
sented here it is clear that the XeCl multi-laser pulses
system is able to recover implantation damage. By ob-
serving the intensity variation of Raman phonon modes it
was possible to plot crystal recovery trend as a function of
energy density, from sub melting regime to phase separa-
tion. Laser pulse acting in a non-equilibrium regime and
taking advantage of rapid annealing and cooling ramps is
able to recover implantation damage generating a lower
point defects concentration. Surface etching phenomena
are due both to Si atoms desorption already known in con-
ventional thermal annealing and to oxidation phenomena
occurring inside the chamber in the presence of O. It is
possible to a�rm that laser annealing constitutes, with
suitable precautions, a viable way as a post-implant ther-
mal process.
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Abstract

Non-destructive and non-invasive approaches are fundamental for cultural heritage investigations.
X-ray Computed Tomography (CT) and Nuclear Magnetic Resonance (NMR) are the most im-
portant imaging techniques in the medical �eld. In this work, new protocols for clinical Siemens
CT based on multi-slice acquisition principle and Philips MRI clinical scanner suitable for cultural
heritage wooden objects and archaeological waterlogged wood remains were developed. By clinical
CT investigation, it is possible to obtain information about densities through Houns�eld Unit (HU)
values measurements on Multi-Planar Reconstruction (MPR) images. By MRI, it is possible to
obtain information about water content and conservation status by T1, T2 and T2

∗ weighted images
on waterlogged wood. Combining these two methods, a complete panorama on wooden conservation
can be obtained.

Keywords: clinical scanners, wood analysis, conservation science, MSCT, MRI.

Introduction

X-ray Computed Tomography (CT) and Nuclear Mag-
netic Resonance (NMR) are very widespread in the �eld
of medicine, thanks to their characteristic of being able
to observe internal parts of the human body without any
injury to the patient. Although they are non-destructive
diagnostic tools, the application to other �elds outside
medicine is nowadays well established [1, 2]. Both tech-
niques are adaptable to wooden cultural heritage conser-
vation science [3, 4]. This is possible thanks to some spe-
ci�c features of the same techniques, listed below, for the
best-known case concerning biomedical applications. CT
scan uses X-rays to make a detailed picture of bones or
high densities structures inside the body. Instead, NMR
is a spectroscopy that uses a magnetic �eld and radio
wave pulses to make a picture of organs and soft tissue
inside the body. CT images are a result of the di�erent
linear coe�cient attenuation of human structures which
are translated in 2001 shades of grey pixels. Instead, Nu-
clear Magnetic Resonance Imaging (MRI) can furnish the
so-called �weighted images� representative of the spatial
distribution of several NMR parameters. These param-
eters are the relaxation times T1, T2, T2

∗ and molecu-
lar di�usion coe�cient D of water protons inside tissues.
Since wood is an organic material, it could be considered
as human tissue and, therefore, CT-scan is used for dry

wood linear coe�cient attenuation estimation and MRI
analysis for waterlogged wood investigations.
In this work, clinical computed tomography, based on
multi-slice acquisition principle (MSCT) and Nuclear
Magnetic Resonance Imaging (MRI) were used to inves-
tigate di�erent species of wood samples. It was possi-
ble by MSCT to obtain densities information through
Houns�eld Unit Scale (HU), calibrated on attenuation
coe�cient µ. All these values were collected and corre-
lated with wood density values expressed in Kg/m3 ob-
tained by the gravimetric method in order to validate the
adopted methodology. It was possible by MRI to col-
lect relaxometry data based on T1, T2 and T2

∗ relaxation
times of water inside each wood samples, in that way im-
bibition information was collected.

Materials and Methods

Wood samples

Sixteen cylinder-shaped samples of wood, each of 50 cm
in length and 3 cm in diameter, were analysed (Tab. 1).
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Wood species analysed

Poplar (Populus alba)

Red Spruce (Picea abies)

Silver Fir (Abies alba)

Walnut (Juglans nigra)

Oak (Quercus petraea)

Maritime Pine (Pinus pinaster)

Bahia (Mitragyna ciliata)

Limba (Terminalia superba)

Anigrè (Aningeria altissima)

Sapelli (Entandrophragma cylindricum)

Toona (Toona ciliata)

African Walnut (Lovoa trichilioides)

Table 1: Wood nomenclature.

Imbibition

Imbibition was obtained by immersing samples in 5 l of
distilled water. The container was covered with plastic
wrap so that water does not evaporate, and dust parti-
cles do not contaminate the solution. To Accelerate the
imbibition process, wood samples were boiled in order to
let water penetrate into the log more easily, as reported
in Ref [5].

Multislice Computed Tomography (MSCT)

A Somatom Sensation 16 MSCT (Siemens Healthcare)
with a gantry opening of 70 cm was used. The ac-
quisition was performed setting the following parame-
ters: 330 mAs, 120 kV, slice thickness of 0.75 mm. Im-
ages reconstructions Multi Planar Reconstruction (MPR)
and Volume Rendering Technique (VRT) were obtained
through SYNGO software by Siemens Leonardo Work-
station. OsiriX software was used to analyse DICOM
(Digital Imaging and Communications in Medicine) im-
ages and to obtain regions of interest (ROI). The working
principle of the MSCT technique is based on the following
mechanism. The X-ray attenuation is the reduction of the
intensity of an X-ray beam as it traverses matter. The
reduction may be caused by absorption or by de�ection
(scatter) of photons from the beam and can be a�ected
by di�erent factors such as beam energy and the atomic
number of the absorber. It can be expressed as:

I = I0e
−µEd

where I is the emerging beam rays, I0 the incident beam
rays; e is a constant (2.718); µE is the linear attenuation
coe�cient and d is the thickness of the material crossed.
Knowing the values of I and I0, you can calculate the
value of µ, which is the measured parameter of CT.
The linear coe�cient attenuation (µ) depends on some
parameters such as sample density and its atomic num-
ber Z as well as on the number of electrons per gram and
the wavelength of the beam. Every material has its linear
attenuation coe�cient.

In order to obtain image reconstruction, CT image is di-
vided in a squared surface called matrix, in which the
pixel is the smallest unit and, because the section has a
speci�c thickness, the voxel (volumetric picture element)
corresponds to the volumetric unit. At each voxel, a nu-
merical value is assigned corresponding to the average
of the attenuation of the corresponding tissue volume,
called the CT number or Houns�eld Unit (HU). In the
CT Houns�eld Unit Scale bones density is expressed by
values from +1000 HU; water density by 0 HU and air
density by -1000 HU.

Nuclear Magnetic Resonance Imaging (MRI)

A Philips Achieva 3.0 T X-series, equipped with a 3T
static magnetic �eld, high-performing imaging gradients
with an 80 mT/m maximum intensity with 200mT/m
sloping ramp, and a FreeWave 32 SENSE-HEAD canals
coil was used. T2 �weighted (T2-w) images were per-
formed with a 5 mm slice thickness (STK) using a Multi
echo sequence with Echo Time (TE) = 16 ms, Repeti-
tion Time (TR) =1500 ms. T2*-weighted (T2*-w) im-
ages were performed with STK= 5 mm and a Multi echo
sequence with TE = 4 ms, TR = 1000 ms. T1-weighted
(T1-w) images, an Inversion Recovery Turbo Spin Echo
sequence was used with an STK= 3 mm, TE = 30 ms,
Inversion recovery (IR) = 1800 ms, TR = 2000 ms. Wood
species densities (d=M/V) by the gravimetric method [5]
were obtained for each wood specimens. Masses (M) of
each wood sample were measured with an analytical bal-
ance BP211D Sartorius and volume (V) were calculated.
Then the samples were dried inside the Universal Mem-
mert Oven stove at the temperature of T = 103,5 C for
24 hours. Then, the masses have been measured and this
procedure has been repeated for a second time, in order
to achieve 48 hours of drying time.
MRI is based on NMR spectroscopy. Because of nuclear
paramagnetism, the macroscopic magnetization (M0 ) is
generated when an object is put in a magnetic �eld (B0 ).
An electromagnetic �eld in the radiofrequency (RF) range
is used to stimulate the spins of hydrogen nuclei that
are immersed in a strong static magnetic �eld to keep
them away from the thermodynamic equilibrium condi-
tion. The NMR signal is generated by the return to equi-
librium of the proton spin system. The RF stimulation
moves the magnetization M0 from the direction parallel
to B0 to the direction perpendicular to B0 . When the
spins of the hydrogen nuclei are no longer stimulated,
they return to their initial position, creating signals that
are received by the RF probe as electromotive force. The
intensity of the acquired NMR signal is proportional to
the number of hydrogen spins in the volume investigated
(spin density). Signal decays exponentially in time be-
cause of spin-spin and spin-lattice relaxation processes,
which are quanti�ed by the parameters T1 and T2 re-
spectively. Images reconstruction is similar to computed
tomographic scanners and the primary source of NMR
images contrast is the spin density and the relaxation
times T1 and T2.
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Results and Discussion

In this work, we investigate the real possibility to use
CT and NMR to characterize wood samples of di�erent
nature or under di�erent atmospheric conditions to sup-
port, correlate or integrate structural and morphologi-
cal information obtained with conventional spectroscopic
techniques such as FTIR, Raman and SEM.
MSCT images of some investigated wood samples were
displayed (Fig. 1).

Figure 1: MSCT image

It is possible to observe that each wood has its radiopac-
ity translated into shades of grey. HU values range be-
tween - 327 HU for walnut wood (Junglans regia) and -
646.5 HU for silver �r wood (Abies alba). Thus, if we
generalise making it valid for the families to which these
two kinds of wood belong, we can say that late-wood re-
gion (light voxels) has higher HU values than early-wood
ones (dark voxels). These values agree with the typically
known characteristic of wood: compared to springwood,
latewood has more mass volume and strength as well as
higher values of the parameters related to shrinkage and
swelling [6]. Indeed, in terms of water absorption, early-
wood ensures the rapid transport of the sap at the be-
ginning of the vegetative season, while latewood formed
in the summer is mainly due to support task. A further
exciting trend found in the signi�cant linear correlation
between the HU values and the density (Kg/m3) of each
wood (not shown). These results improve how MSCT is
a valuable technique to understand not only implemen-
tation methods of a wooden object but also permit to
obtain information about microstructure and density of
the material and therefore its state of conservation. Un-
fortunately, by MSCT, it is not possible to have a clear
idea about water-content, which is the leading cause of
wood degradation. On the other hand, by MRI is it pos-
sible to have precise details about moisture and porosity
of the wood.
MRI T2-weighted image and ROI's selection are shown
in Fig. 2.

Figure 2: MRI image

Under the same conditions of imbibition, the T1, T2 and
T2
∗ relaxation times were measured. We remark that T1

and T2 relaxation times give information about micro-
structure due to the spin-spin relaxation process and free
water-content due to the lattice-spin, respectively. T2

∗

is a parameter which results principally from inhomo-
geneities in the main magnetic �eld. In our case, T2

∗

values are included in a range from a minimum of about
2 ms for poplar wood (Populus alba) up to a maximum
of about 25 ms for pinewood (Pinus pinaster).
T2 times values recorded, ranging from a minimum of 10,7
ms for poplar (Populus alba) to a maximum of 51,5 ms for
red spruce (Picea abies). Relaxation time T1 varies from
a minimum of 81.6 ms for the silver �r (Abies alba) up to
about 577 ms for sapelli wood (Entandrophragma cylin-
dricum). Thus, early and latewood areas in tree-rings
are clearly distinguished in terms of a signi�cant di�er-
ence in the relaxation times values. On the overall, in the
latewood areas, the T2 values are lower concerning early-
wood, indicating the presence of smaller vessel diameters
[7] compared to those of springwood.
At this point, wood MSCT and MRI macroscopic char-
acteristics were compared with macroscopic wood iden-
ti�cation key [8] usually utilised by wood experts. We
observe mainly that it is possible to distinguish between
conifers and deciduous trees. In details: growth rings,
multiple parenchymatic rays, ring-porous structure, tex-
ture, possible knots and plant defects, are visible. Ulti-
mately, from the results obtained by MSCT and NMR
scanners, information about the wood species, the poros-
ity, the density of the material and the moisture content
in a non-destructive and non-invasive way are obtained.
All data are exciting for more in-depth cultural heritage
investigations than state of the art.
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Abstract

The study of the behavior of a Brownian particle in the potential of an optical trap in a rare�ed
air, on which an active cooling system is switched on, is directly linked to issues as: where to start
to see quantum behaviors on mesoscopic objects? [1] In fact these systems allow us to in�uence
the temperature of the center of mass of the trapped nanoparticle by acting on some macroscopic
parameter. The increasing sensitivity in the measurement of positions and velocity of nanoscopic
objects allowed development of this �eld [2]. Unlike a particle trapped in a Fabry-Perot cavity, who
"self-cools" because of the Doppler enhancement, in a active system, the laser power is modulated
depending on the position and velocity of the particle, in order to reduce the temperature of the
center of mass [3].

Keywords: laser cooling, optical tweezers, T-matrix formalis.

Active Cooling with a Sphere

The starting point to reach our goal is to spend some
words on the physical quantity that characterize the dy-
namics of the problem, namely the thermal noise, the re-
sistance of the �uid and the external deterministic forces
(if present) [4]. The latter, in our case, consists of the
force of the optical tweezers and the feedback (FB) sys-
tem and I'll talk about it later. The �rst two quantities
are related to each other, from the �uctuation-dissipation
theorem, and the di�usion coe�cients (friction) can be
de�ned for both the translational and the rotational mo-
tion, which are not the same among them [5]. More-
over, for symmetrical particles the di�usion coe�cient
(and therefore also the friction coe�cient) is the same for
all three degrees of freedom (translational or rotational,
respectively).
The crucial step at this point is to write the equations of
motion for each of the translational degrees of freedom.
These equations must take into account that: the inertial
term plays an important role, the particle is subject to
the optical force of the tweezers, feedback is active. This
FB term simulates the modulation of the power according
to the position r and speed vr of the particle, weighted
by the FB constant β:

Ffeedback = β
rvr

〈r〉β=0〈vr〉β=0
FRAY

where in the denominator are present the positions and
velocities average when the feedback is o�, FRAY is the
optical force term. Another fundamental point is that the
FB is the same for all three degrees of freedom: we chose
to modulate the power by measuring speed and position

on the x axis.

Forces in the T-Matrix formalism

To calculate the value of the force that appears in the
equations, you need �rst determine the optical condi-
tions of the system, then choose the refractive indeces,
the lens and the laser. Once we have chosen this pa-
rameters, we used the T-matrix formalism to calculate
the optical forces on a grid centered in the focus of the
lens, which is the region in which the dynamics develop
[6]. Then we start the simulation and at each step of the
dynamics, we look for the grid cell in which the particle
mass center is located and the force value is calculated by
linearising for each degree of freedom.

Results

The main result of the simulation are the traces, that is
the position of the particle as time changes. What about
their shape? While at ambient pressure the particle's mo-
tion is dominated by the viscous force, the inertial force
dominates in a vacuum of a few Pascal and the particle's
motion becomes ballistic, so we expect sinusoidal pro�les.
[7] From their statistical study it is possible to obtain nu-
merous and signi�cant results.
In this report we show the most interesting and represen-
tative result, that is the shape of the potential. If you
calculate it, you notice that it's sharper, on the degree of
freedom on which the FB is turned on (�gure 1).
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Figure 1: Potential shape reconstructed from the dis-
tribution of positions along the three axes. The min-
imum of the curves is at the equilibrium position of
the trap (zero force) and coincides with the nomi-
nal focus of the lens. The axial equilibrium position
(along z) is shifted from the nominal focus because of
the increased scattering force. The width of the curve
is related to the trap sti�ness which is linked to the
power of the laser.

Conclusion

More research is needed to clarify what, for example, is
the formal relationship that links the temperature of the
center of mass to the other parameters of the trap or
medium. But as a �rts step, these results allow us on
the one hand to be able to expand this cooling-T-matrix
approach to core-shell objects, with arbitrary size param-
eters and refractive index and also to optically active
particle[8], and on the other to think about more com-
plicated situations, e.g. what happens when the object is
no longer spherical [9, 10].
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Abstract

Two close parallel mirrors attract due to a small force (Casimir e�ect) originating from the quantum
vacuum �uctuations of the electromagnetic �eld.These vacuum �uctuations can also induce motional
forces exerted upon one mirror when the other one moves. Here we consider an optomechanical
system consisting of two vibrating mirrors constituting an optical resonator. We �nd that motional
forces can determine noticeable coupling rates between the two spatially separated vibrating mirrors.
We show that, by tuning the two mechanical oscillators into resonance, energy is exchanged between
them at the quantum level [1]. This coherent motional coupling is enabled by the exchange of
virtual photon pairs, originating from the dynamical Casimir e�ect. The process proposed here
shows that the electromagnetic quantum vacuum is able to transfer mechanical energy somewhat
like an ordinary �uid.

Keywords: Quantum Optomechanis, Ultra-Strong Coupling, Qantum Vacuum, Dynamical Casimir
E�ect, Virtual Photon Pairs.

Introduction

E�ective interactions able to coherently couple spatially
separated qubits are highly desirable for any quantum
computer architecture. Very recently, it has been shown
that the exchange of virtual photons between arti�cial
atoms can give rise to e�ective interactions of multiple
spatially-separated atoms [2], opening the way to vac-
uum nonlinear optics. Given this result, one may wonder
whether it is possible for spatially separated mesoscopic
or macroscopic bodies to interact at a quantum level by
means of the vacuum �uctuations of the electromagnetic
�eld. It is known that, owing to quantum �uctuations,
the electromagnetic vacuum is able, in principle, to af-
fect the motion of objects through it, like a complex �uid
[3]. For example, it can induce dissipation and decoher-
ence e�ects on the motion of moving objects. By us-
ing linear dispersion theory, it has also been shown that
vacuum �uctuations can induce motional forces exerted
upon one mirror when the other one moves. Here we show
that two spatially separated moveable mirrors, constitut-
ing a cavity-optomechanical system, can exchange energy
coherently and reversibly, by exchanging virtual photon
pairs. Our results show that the electromagnetic quantum
vacuum is able to transfer mechanical energy somewhat
like an ordinary �uid. It would be as if the vibration of
a string (mechanical oscillator 1) could be transferred to
the membrane of a microphone (mechanical oscillator 2)
in the absence of air (or any excited medium �lling the

gap).

Model

CAVITY

MIRROR 1 MIRROR 2

Figure 1: Schematic of an optomechanical system
constituted by two vibrating mirrors. If one of the
two vibrating mirrors is excited, its excitation can be
transferred coherently and reversibly to the other mir-
ror. The interaction is mediated by the exchange of
virtual photon pairs.

We consider a system constituted by two vibrating mir-
rors interacting via radiation pressure [see Fig. 2]. Both
the cavity �eld and the position of the mirrors are treated
as dynamical variables and a canonical quantization pro-
cedure is adopted [4]. By considering only one mechan-
ical mode for each mirror, with resonance frequency ωi
(i = 1, 2) and bosonic operators b̂i and b̂

†
i , the displace-

ment operators can be expressed as x̂i = X
(i)
zpf(b̂

†
i + b̂i),
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where X(i)
zpf is the zero-point-�uctuation amplitude of the

ith mirror. The mirrors form a single-mode optical res-
onator with frequency ωc and bosonic photon operators
â and â†. The system Hamiltonian can be written as
Ĥs = Ĥ0 + ĤI, where (~ = 1) Ĥ0 = ωcâ

†â +
∑
i ωib̂

†
i b̂i

is the unperturbed Hamiltonian. The mirror-�eld inter-
action Hamiltonian can be written as ĤI = V̂om + V̂DCE,
where V̂om = â†â

∑
i gi(b̂i + b̂†i ) is the standard optome-

chanical interaction conserving the number of photons,
V̂DCE = (1/2)(â2 + â†2)

∑
i gi(b̂i + b̂†i ) describes the cre-

ation and annihilation of photon pairs, and gi is the op-
tomechanical coupling rate for mirror i. The linear de-
pendence of the interaction Hamiltonian on the mirror op-
erators is a consequence of the usual small-displacement
assumption [4].
When describing most of the optomechanics experiments
V̂DCE is neglected. This is a very good approximation
when the mechanical frequency is much smaller than the
cavity frequency (which is the most common experimen-
tal situation). However, when the mechanical frequen-
cies ωi are on the order of the cavity-mode resonance
frequency, are of the order of ωc, V̂DCE cannot be ne-
glected. We are interested in studying this regime, which
can be achieved using microwave resonators and ultra-
high-frequency mechanical micro- or nano-resonators. In
order to properly describe the system dynamics, including
external driving and dissipation, the coupling to external
degrees of freedom needs to be considered. Dissipation
and decoherence e�ects are taken into account by adopt-
ing a master-equation approach. For strongly coupled
hybrid quantum systems, the description o�ered by the
standard quantum-optical master equation breaks down
[5, 6].

Results

10.9

1

0.9

Figure 2: Relevant energy levels of the system Hamil-
tonian Ĥs as a function of the ratio between the me-
chanical frequency of mirror 2 and that of mirror
1. An optomechanical coupling g/ω1 = 0.03 has
been used; the cavity-mode resonance frequency is
ωc = 0.495ω1. The lowest energy anticrossing cor-
responds to the resonance condition for the DCE.
The higher energy one is the signature of the mirror-
mirror interaction mediated by the virtual DCE pho-
tons.

We begin our analysis by numerically diagonalizing the
Hamiltonian Ĥs in a truncated �nite-dimensional Hilbert
space. The blue solid curves in Fig. 2 describe the energy
levels of the total Hamiltonian Ĥs (including V̂DCE) as
a function of ω2/ω1. For the optomechanical couplings,
we use g1 = g2 = g = 0.01ω1. The cavity-mode res-
onance frequency is �xed at ωc = 0.495ω1. This value
is chosen close to the resonance condition for the DCE
[7] in order to increase the e�ective coupling between the
mirrors. For comparison, we also show in Fig. 2 (dashed
grey lines) energy levels of the standard optomechanics
Hamiltonian Ĥ0 + V̂om. The higher energy splitting in
Fig. 2 originates from the coherent coupling of the zero-
photon states |1, 0, 0〉 and |0, 1, 0〉. At the minimum en-
ergy splitting the resulting states are well approximated
by |ψ3,4〉 ' (1/

√
2)(|1, 0, 0〉±|0, 1, 0〉). Thismirror-mirror

interaction is a result of virtual exchange of cavity pho-
ton pairs. When the mirrors have the same resonance
frequency, an excitation in one mirror can be transferred
to the other by virtually becoming a photon pair in the
cavity, thanks to the DCE. The resulting minimum en-
ergy splitting provides a measure of the e�ective coupling
strength between the two mirrors.
We now investigate the system dynamics starting from a
low-temperature thermal state and introducing the exci-
tation of mirror 1 by a single-tone continuous-wave me-
chanical drive F1(t) = A cos (ωdt).
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0

1

Figure 3: System dynamics for ωc ' 1.5ω1 under
continuous-wave drive of mirror 1. The blue solid
and red dashed curves describe the mean phonon
numbers 〈B̂†1B̂1〉 and 〈B̂

†
2B̂2〉, respectively, while the

black dotted curve describes the mean intracavity pho-
ton number 〈Â†Â〉 arising due to the DCE.

We numerically solve the master equation for hybrid
quantum systems in a truncated Hilbert space [6]. Fig-
ure 3 shows the time evolution of the mean phonon num-
bers of the two mirrors 〈B̂†i B̂i〉 and the intracavity mean
photon number 〈Â†Â〉. Here Â, B̂i are the physical pho-
ton and phonon operators. Such operators Ô = Â, B̂i can
be de�ned in terms of their bare counterparts ô = â, b̂i
as [8, 9] Ô =

∑
En>Em

〈ψm|(ô + ô†)|ψn〉 |ψm〉〈ψn|. We
consider the system initially in the ground state. During
its time evolution. We use γ1 = γ2 = γ = ω1/260 and
κ = γ for the mechanical and photonic loss rates. We con-
sider a weak (A/γ = 0.95) resonant excitation of mirror 1
(ωd = ω1). We present results for a normalized coupling
strengths g/ω1 = 0.03, and set ω2 = ω1. The results
shown in Fig. 3 demonstrate that the excitation transfer
mechanism via virtual DCE photon pairs, proposed here,
works very well for g/ω1 = 0.03. In steady state, mirror 2
reaches almost the same excitation intensity as the driven
mirror 1. Performing simulation considering the interac-
tion of the system with non-zero temperature reservoirs
we also found that the in�uence of temperature on the
mechanical expectation values is almost negligible. On
the contrary, the cavity mode at lower frequency is much
more a�ected by the temperature. We observe that for
g/ω1 = 0.01, although the transfer is reduced, the e�ect
is still measurable.

Conclusions

In conclusion, we demonstrated that mechanical quantum
excitations can be coherently transferred among spatially-

separated mechanical oscillators, through a dissipation-
less quantum bus, due to the exchange of virtual pho-
ton pairs. Furthermore, we demonstrated that this sys-
tem can be used as a parametric down-converter [10].
The experimental demonstration of these processes would
show that the electromagnetic quantum vacuum is able
to transfer mechanical energy somewhat like an ordinary
�uid. The results presented here open up exciting possi-
bilities of applying ideas from �uid dynamics in the study
of the electromagnetic quantum vacuum. Furthermore,
these results show that the DCE in high-frequency op-
tomechanical systems can be a versatile and powerful new
resource for the development of quantum optomechanical
technologies.
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Abstract

Silicon nanowires (Si-NWs) arrays show better optical properties compared to planar Si, fundamen-
tal aspect in the photoconversion process for e�cient solar cells. In this work wires with diameters
ranging from 3 to a few dozen nanometers were grown by the vapor-liquid-solid (VLS) mechanism.
The metal catalysts chosen, gold, by far preponderant in literature and an innovative one i.e. tin,
were deposited via sputtering onto Si substrates. The growth was carried out with an Inductively
Coupled Chemical Vapor Deposition (IP-CVD) system. An e�cient post growth gold removal
procedure has been developed as gold residuals worsens the electrical properties of photovoltaic
devices. Several investigation techniques including SEM, TEM, EFTEM, XPS have been used for
the materials characterization

Keywords: nanowires, catalytic growth, etching, VLS, CVD, gold, tin.

Introduction

Si-NWs are excellent building blocks for new generations
of electronic and photonic devices like transistors [1], solar
cells [2] and many others [3] because their dimensions such
as diameter or length, their morphology and consequently
their electronic properties can be controlled during syn-
thesis in a predictable manner when using a suitable tech-
nique. VLS is the most widely used mechanism to obtain
these nanostructures and it is known that gold (Au) is by
far the most studied metal catalyst for VLS growth [4].
But although it brings many advantages, Au has relevant
drawbacks. The main-one is that it introduces defects
in the semiconductor electronic structure by generating
localized trap states causing the devices electrical perfor-
mance degradation [5]. Thus it is necessary to develop a
high e�ciency post growth Au removal method. So we
�rstly focused on setting up a removal procedure of Au
from Si-NWs[6]. Therefore the possibility of replacing the
metal catalyst with another one that is equally suitable
was investigated, in order to maintain the advantages of
the VLS mechanism but overstepping the drawbacks of
Au. Among all metal candidates to replace it, tin (Sn)
was chosen because it brings several advantages, includ-
ing inexpensiveness and greater abundance in nature than
Au; it also has a lower melting temperature which trans-
lates into energy savings and does not signi�cantly alter
the structure of the Si band gap.

Materials and Methods

The substrates, specimens of 13 ohm-cm p-type
Czochrlalski Si <100> and <111> of 1 cm2 area, have
preliminarly undergone to a cleaning procedure, based
on sonication steps into di�erent solvents and subsequent
HF dip. Once the substrates were dried, the Au and
Sn dots were sputtered onto them until an equivalent
thickness of 2 nm and 2.3 nm, for Au and Sn respec-
tively, was deposited. Depositions were carried out with
a base pressure equal to 5x10-3 mbar, 10 mA of cur-
rent, for about a few tens of seconds. As soon as the
deposition was completed, the substrates were inserted
into the IP-CVD reactor for the Si-NWs growth. At
this point the substrates were heated at 380 oC for 1
h then the deposition has been performed with the fol-
lowing process parameters: 20 mTorr pressure, process
time 30 min, plasma power 20 W, gas ratio of SiH/Ar
= 30 and substrate temperature of 380oC. The whole
preparation was carried out in sequence. Various inves-
tigation techniques have been used for the systems char-
acterization. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to obtain mor-
phological information such as nanostructures geometry,
density and dimensions. Most of the time, SEM and TEM
analyzes were performed immediately after CVD growth
in order to minimize the alterations of the samples due
to the exposure to the atmosphere. Qualitative chemi-
cal informations, was obtained by energy �ltered electron
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spectroscopy (EFTEM) and x-ray emission spectroscopy
(XPS).

Results and discussion

Figure 1: (a) Schematics illustrating the classical Au
etching process (one step) and the two-step process
developed. Insets: cross-sectional view TEM micro-
graphs of Si-NWs after the Au removal single step
(b), and after the two-steps Au etching (c). (d) Si-
NWs density as a function of diameter is reported
for as grown sample (blue circles), after the HF etch-
ing (green circles) and after HF+Au etching (red cir-
cles). (e) Average Si-NWs surface density for the
three cases under study. The inset shows the relative
SEM micrograph in planar view scale markers corre-
sponds to 400 nm. High Resolution XPS spectra of
the (f) Si 2p and (g) Au 4f of the as grown NWs (blue
line), the sample obtained after the Au etching (black
line) and the sample obtained after the two steps pro-
cedure (red line).

To prevent the devices electrical properties deterioration
it is necessary to remove Au residuals after the NWs
growth but the process stated in the literature, that in-
volves a chemical bath of the samples into a Au etching
solution (Fuji�lm GOLD ETCH II with OHS, contain-
ing sodium iodide (NaI) and iodine (I2), diluted in H2O
(1:10)) for a few minutes, results ine�ective. TEM micro-
graph acquired for a NW after this procedure (�g. 1d)
reveals indeed that the Au seed is still present atop the
NW after the treatment. The reason for this ine�ciency

is due to the presence of a SiO2 �lm surrounding the Au
cluster that is in turn due to the behavior of Au-Si eu-
tectic system. It is known that Si dissolves in the metal
during heating, but afterwards it migrates towards the
Au/vacuum interface which is warmer than the Au/sub.
interface due to an anisotropic eutectic cooling. The re-
sult is the formation of a Si layer that encapsulates the
metal with an almost perfect isotropy; the following sys-
tem air exposure leads its oxidation and a SiO2 conformal
coat surrounding Au is produced [7]. This SiO2 shell hin-
ders the removal of metal seeds by acting as passivating
layer against the classical etching solution. For this rea-
son we focused on developing a new protocol with high Au
removal e�ciency; speci�cally the de�ned procedure con-
sists of two steps: 1) removing the passivating SiO2 shell
produced on the Si-NWs and on the Au tips by dipping for
5 min the specimens into a HF bu�ered solution diluted
in H2O (1:10); 2) removing Au by dipping the samples for
4 min into the commercial Au etching solution mentioned
above [6]. Figure 1a shows a schematization of the single
step Au removal process and the process, based on two
steps, that we developed. The result on the samples that
have undergone to the two steps procedure is shown in
�g. 1c in which no Au is detected. In order to evaluate
the etching e�ect on the morphology the Si-NWs density
has been monitored through SEM analysis (�g 1e). The
results for the three samples i.e. as grown (blue circles),
single etching step with HF (green circles) and the double
step with HF+Au (red cycles), are reported in Figure 1d.
As it is clear, no signi�cant di�erence is evident between
the distribution of the as deposited case and after the
etching steps. Figure 1e shows that the density remains
almost constant. This indicates that the morphology of
the samples is maintained unaltered after the chemical
reaction. XPS spectra of the Si 2p and Au 4f of the as
grown NWs (blue line), the sample obtained after the Au
etching (black line) and the sample obtained after the
two steps procedure (red line) are reported in �g.1 f-g
respectively. A peak centered at 103.5 eV revealing the
presence of the SiO2 that is detected in the spectra of
both the as grown and in that obtained after the single
step Au etching sample. The SiO2/Si intensity ratio is
quite comparable in the two spectra thus indicating that
the removal process does not a�ect the surface composi-
tion of the oxidized Si-NWs. The use of HF in the double
step procedure (HF+Au-etching), allows to almost com-
pletely remove the SiO2 as emerges from the �gure 1f-red
curve. The Au XPS region shown in Figure 1g indicates
a signi�cant decrease of the Au percentage for the sample
subjected to the developed treatment compared to both
those who underwent classical etching and as grown, con-
�rming the e�ectiveness of the implemented process. The
high e�ciency in terms of percentage is shown in table 1:
the Au residue in the samples subjected to the two-step
procedure is less than 0.1 percent [6].
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XPS data As grown Au etching HF+Au etch.

Au 2,4 0,4 <0,1

Table 1: XPS Atomic percentage of Au as revealed in
the NW samples.

Figure 2: (a) Binary phase diagram of the Sn-Si sys-
tem. Plan view micrographs (b) SEM and (c) TEM
of tin catalyst after sputter deposition.

The experimental activity has also been devoted to the
replacement of Au with Sn as a catalyst. Sn was chosen
as a substitute to Au for its advantages with respect to
Au: the eutectic temperature of the Sn/Si system is 232
oC [8], less than the eutectic temperature of the Si/Au
system (363 oC)[9], that implies a lower thermal budget;
Sn does not generate trap states into the semiconductor
so no removal step is necessary; the Si solubility in Sn is
105-106 times lower than in the Au [8], as indicated by the
Si-Sn phase diagram shown in Figure 2a, which results in
faster kinetic and into a precursors saving. Fig. 2b and 2c
respectively show plan-SEM and plan-TEM micrographs
of a typical Sn catalyst used for the CVD-VLS growth.
The presence of Sn dots of about 20 nm large is clearly
visible in both images with a strict dispersion of the size,
indispensable requirement since it is the size of the cata-
lyst dot that mainly determines the wires diameter.

Figure 3: Plan view SEM micrographs of Si-NWs af-
ter Sn-catalyzed IP-CVD growth at (a) low and (b)
high magni�cation.

Fig. 3 a and b show two SEM micrographs at di�erent
magni�cations, acquired immediately after the CVD de-
position. It is possible to observe the presence of nano
�liform structures with a diameter between 10 and 20
nm and a length of several hundred nanometers. The big
spherical (one indicated by the red arrow �g. 3b) placed
on top of NWs array are composed of Sn as con�rmed
by EDX analyzes (not reported here). Its formation can
probably take place during the sputtering deposition or
during heating as a coalescence of smaller drops.

Figure 4: HR-TEM micrographs of (a) a group of
tangled Si-NWs, (b) a single Si-NW from the group
and (c) the same Si-NW showed in b at high magni-
�cation g.

In HRTEM micrographs reported in �g.4 a, b and c, we
observe the presence of Si nano wires in which it is clearly
possible to distinguish the crystalline planes so we can
reasonably concluded that NWs are of polycrystalline na-
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ture. Therefore the nanostructures are composed of crys-
talline and not oxidized Si (see �g 5a-c). This result is
promising, because the silicon wires, and not SiO2 ones,
are suitable for applications in microelectronics, thanks to
their remarkable electro-optical properties. The diameter
of the structures is almost uniform throughout the length
and does not exceed 20 nm, many have a diameter less
than 10 nm. Some structures exceed 800 nm in length.
The polycrystalline structure is a consequence of the par-
ticular growth kinetics which does not occur according
to a �xed crystallographic direction throughout the pro-
cess, but varies continuously, resulting in a "worm-like"
appearance of the nano-structures. The NWs obtained
are coated with a uniform amorphous �lm of about 1.5
nm thick, a dimension in line with the typical thickness
of native SiO2 produced by oxidation following exposure
to air. This data is con�rmed by the EF-TEM images,
shown in �g. 5, acquired at 26 eV for the SiO2 (5b and
5d, bulk plasmon of SiO2), while those acquired at 17
eV for the Si (5a and 5c Si bulk plasmon), con�rm that
the core is composed of Si. These results are promising
because a complete oxidation of the nano-systems can be
excluded.

Figure 5: Energy Filtered TEM images of Sn-
catalyzed Si-NWs acquired at 17eV (a and c) and 24
eV (b and d).

Conclusions

In this work Si-NWs have been synthesized and stud-
ied as structures for the silicon surface engineering for

photovoltaic applications by virtue of their remarkable
optical properties. The synthesis occurred through the
IP-CVD technique by the well-known VLS mechanism.
The metals investigated as catalysts were gold, the most
widespread in the literature and tin, cheaper and less
problematic than the previous one but exploited so far
only little. We decided to use sputtering among all the
techniques available for their deposition. The synthesis
carried out using gold, as expected, produced nanowires
straight, with a homogeneous morphology over the entire
sample area. The Si-NWs obtained using tin as a cat-
alyst present instead a worm-like morphology. Despite
their morphology it is not yet optimized these prelim-
inary results are encouraging because the obtained Si-
NWs show a polycrystalline silicon structure in the core
and are not completely oxidized, an essential property for
electronic applications. For this reason we will proceed
with the modulation of the process parameters in order to
obtain morphologically optimized silicon nano-wires tin-
catalyzed.
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Abstract

It has been proposed that the Central Nervous System simpli�es motor control by recruiting muscles
in �xed groups or muscle synergies. In a previous study, support for this hypothesis has come from
the demonstration that, in a single experimental session of virtual reaching task with myoelectric
control, it is impossible to learn novel muscle activation patterns if they cannot be generated by the
combination of synergies. In this study, we investigated whether longer practice of the same task,
performed in three sessions over consecutive days, allows to learn new muscle synergies.

Keywords: virtual surgeries, electromyography, myoelectric control, muscle synergy, multiday
learning, motor adaptation.

Introduction

The redundancy of the motor system, i.e. the larger num-
ber of control variables in the musculoskeletal system with
respect to the number of its degrees of freedom, leads
to the outstanding question on how the Central Nervous
System (CNS) selects one of the virtually in�nite possible
solutions to perform a task.
It has been proposed that the CNS recruits muscles in
�xed groups or modules (i.e. muscle synergies), which
are combined �exibly to perform di�erent conditions of a
task. The existence of muscle synergies has been inves-
tigated during many di�erent tasks. Initially, evidence
for synergies has come mainly from their identi�cation
from the electromyographic (EMG) signal generated by
the muscles using techniques as the Non-Negative Matrix
Factorization (NMF) [1, 2].
However, the neural origin of synergies has been often
debated [3]. Therefore, the authors of [4] proposed a
paradigm to directly test whether the CNS recruits mus-
cle synergies. In that work, subjects performed a virtual
reaching task with a cursor either controlled by the iso-
metric task generated at the hand or by EMG activity.
In EMG control, the displacement of the cursor was com-
puted in real-time as the product of an EMG-to-force
mapping and the sample-by-sample EMG signal. The
mapping could be then perturbed to simulate a virtual
rearrangement of the forces generated by the muscles
(virtual surgery). Participants practiced, during a sin-

gle experimental session, two di�erent perturbations: a
perturbation compatible with the muscle synergies (i.e.
such that the participant could move the cursor in all
directions with the previously extracted synergies) and
one incompatible (i.e. such that the participant was re-
quired to recruit new muscle patters to make the cursor
to span the whole workspace). If synergies were not or-
ganized by the CNS, but were only a description of the
regularities of the motor commands generated by a dif-
ferent control strategy, there should not be any di�erence
in the di�culty to adapt to the two types of perturba-
tions. In contrast, participants adapted more easily to
compatible perturbations. A signi�cative di�erence was
identi�ed between the two perturbations in term of num-
ber of trials in which the participant successfully moved
the cursor inside the target. These observations are in
line with many studies [5] demonstrating that learning
new motor skills requires more time than adapting known
motor skills to a novel task. In fact, a modular con-
troller can overcome in an easier way a perturbation that
does not require learning of new synergies. A similar ap-
proach was proposed using a Brain Computer Interface
(BCI) paradigm, in which monkeys moved a virtual cur-
sor with their neural activity. Researchers demonstrated
that, during a single experimental session, monkeys were
not able to learn how to move the cursor if a perturbation
that requires novel neural activity patterns, equivalent to
the incompatible perturbations described by Berger and
collaborators at the muscle level, is applied [6]. However,
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