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Figure 3: Comparison in energy resolution between SiC 4 µm (interdigit contact) a), SiC 25 µm b), SiC 80 µm
c) and a standard Silicon Surface Barrier detector d).

These e↵ects have as results the generation of en-
ergy levels inside the bandgap. These new levels may
act as centres of generation/recombination increasing
the leakage current of the diode

In order to study the e↵ects of cluster deposi-
tion during plasma expositions some studies of sur-
face roughness and topography were done on the sur-
face of a detector. These measurements were carried
out with a TENCOR p-10 profilometer at INFN-LNS
in Catania. This device has a vertical resolution of
0.1nm with an horizzontal scan of 1 mm.

This analysis is also completed by the I-V charac-
terization of diodes performed by connecting in series
a Keithley (485 Model) picoammeter to a standard
biasing circuit.

Results

Fig.3 reports the experimetal spectra acquired by us-
ing: SiC with interdigited contact (a); SiC with semi-
trasparent metallization (b) SiC with thick metal-
lization( c); a standard Silicon Surface Barrier detec-
tor. The four spectra were acquired in the same ex-
perimental conditions and once found a correlation
between channel and energy by using a calibrated
source and a pulse generator, it was plotted the num-
ber of counts as a function of the energy. In this way
it is possible to measure the Full Width Half Maxi-

mum (FWHM) in the four di↵erent cases thanks to a
gaussian fitting of data. Finally by calculating the ra-
tio between FWHM and the centroid of the gaussian
peak we obtain the energy resolution values, R re-
ported in Fig.3. It must be observed that in the case
of the SiC detector with interdigited contacts a �E
measurements was performed because of the range for
alpha particles of 5.48 MeV in SiC is about 18.2 um
and consequently alpha particles lose only a fraction
(about 840 keV) of their initial energy in the active
volume of diode, as tested by SRIM simulation [7].
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Figure 4: I-V characterization measurements for SiC
detectors with di↵erent life.
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In the graph of Fig.4 are reported the reverse I-
V measurements for di↵erent SiC detectors. What
is evident is the fact that four well defined regions
can be evidenced according to the number of exposi-
tions to plasma: new detectors with none exposition;
low exposition about 100-300 plasma, high exposition
400-600 plasma; damaged SiC >600 plasma gener-
ated by laser intensities of 1016 Wcm�2.
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Figure 5: Shape of a damaged detector surface
scanned by profilometer a); Size distribution of the
diamter of cluster deposited on the surface b).

From the damaged SiC region was selected a de-
vice for the analysis of the surface condition of the
detector. The morphology of the surface was scanned
with a profilometer. The data reported in Fig5a ev-
idence the presence of complex structures that can
reach a thickness of about 600Å. Moreover a micro-
scope photo of the full surface was examined. By
using an ordinary image editor software, it was pos-
sible to evaluate the size distribution of these im-
purities and the results were summarized in Fig.5.b.
However more e↵orts will be done to understand the
nature of this cluster upon the detector surface.

Conclusions

In this work a preliminary study on new Silicon Car-
bide based detectors has been done. Interesting re-

sults have been achieved both for energy resolution
measurements, confrontable with Silicon detectors,
and for the resistance to damage induced by radia-
tions generated by plasma laser. This last is only
one of the possible applications in which SiC detec-
tors can be adequately employed. In fact thanks to
the improvement on the fabrication process nowadays
very interesting geometries can be obtained opening
the way to several kind of applications. For example
SiC detector with interdigited contact is very useful
to detect UV, electrons or low energy ions. SiC de-
tector with semi-trasparent metallization can detect
very well UV, energetic ions (hundreds keV) while the
thicker device can detect X-rays, and very high en-
ergy ions some MeV. This devices have been proposed
to such application like RBS spectroscopy, radioac-
tive sources monitoring and dosimetry applications
[8].The possible next stage will concern the opportu-
nity to organize some detectors also in an array or
matrix configurations in order to obtain pixel detec-
tors for imaging applications.
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Abstract

To investigate the laser plasma production phenomena, we prepared some Al coated metal plates by Au thin film and

analyzed the laser plasmas using ion detectors. Our coated targets were aluminium in which thin gold layers were

deposited at di↵erent thicknesses. By analysis of the charge state distribution we can identify the plasma temperature

and the e↵ective thickness of the coated layer. This experiment will guide us to investigate how a laser plasma formed

and as it emits ions at high velocity along the normal direction to the target surface. The gold thicknesses were: 250 nm

and 750 nm. The plasma charge state, the time of flight, the current and the energy distributions were studied for each

Au thicknesses.

Keywords: Laser Ion Source, Ion Energy Analyzer, coated targets.

Introduction

To induce high plasma temperature a pulsed laser
interacts with a solid target placed in high vac-
uum. If the laser intensity is very high (around
1016! 22W/cm 2) it is possible to accelerate ions when
it interacts with thin targets [1], but when the intesity
is low (1010! 14W/cm 2) the produced plasma has like
characteristics high current, a big energetic spread
and good energy matching with post acceleration sys-
tems. A Laser Ion Source (LIS) utilizes the laser ab-
lation plasma at low intensity to provide ion beams
extracted from the plasma and injected into accelera-
tors [2]. For example, a low charge state LIS has been
used as a seed ion injector for the Electron Beam Ion
Source (EBIS) at Brookhaven National Laboratory.
However, the laser ablation process has not yet been
fully understood. After the irradiation, we can ob-
serve erosion on the surface due to ablation e↵ects.
This lost volume is not fully converted to the laser
plasma and a layer in a certain depth at the tar-
get surface e�ciently contributes high temperature
plasma plume [3]. To investigate the relationship be-
tween the depth of the target material and plasma
formation, we prepared aluminium targets with dif-
ferent thicknesses of gold coatings.

Experimental Setup

A nanosecond laser beam was used, using a f =
100mm lens, to irradiated a gold coated aluminium
target. The prepared gold thicknesses were 250 and
750nm deposited on Al bulk substrates. The laser-

target incident angle was 20" . The laser irradiation of
the solid target makes a plasma in high vacuum which
contains multi charged ions. The Thales laser system
emitted a pulse with a wavelength of 1064nm and
duration of 6ns. The measured energy on the target
was 1094mJ per pulse. The focused spot diameter on
the target is estimated to be 100µm . This energy and
spot area correspond to an energy of 2.3·1012W/cm 2.
The resulting ion current emitted from plasma can
be measured by a Faraday cup located at 2.4 m away
from the target. The Faraday cup enable to make the
time of flight measures, these should be able to give
a first characterization of plasmas. To measure the
velocity distribution of each charge state, an electric
ion Analyzer was used [4]. By scanning the voltage
applied to the Analyzer, ions were separated accord-
ing to species and charge state. The selected ions
were detected with a secondary electron multiplier
(Hamamatsu R2362) which is placed 1.4 m after the
Faraday Cup, for a total distance of 3.8 m how it
is possible to observe in Figure 1. Ion energy Ana-
lyzer (IEA), based on the electrostatic deflection of
plasma emitted ions, gives the ion energy distribu-
tions and charge state distributions by varying the
voltage of the deflection plates. The voltage was in-
creases from ±1V per plate up to a tension for which
the faster ions was able to be detected, in this way
it was possible to observe all the energy distributions
inside in the plasma. The thin gold layer on the alu-
minium substrate could be made relatively easily by
the vapour deposition technique. The thicknesses of
deposited gold layers were measured during the de-
position process with a quartz crystal monitor. The
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gold coated aluminium targets were mounted on a 2-
axis linear stage and moved after every laser shot to
prevent the same spot being exposed twice, in this
way the exposure to the laser intensity and exper-
imental conditions are the same at each laser shot.

Figure 1: Experimental setup for Ion energy Analysis
of coated Targets

Results

Figure 2 shows a time of flight(ToF) of radiation
emitted from laser generated plasma irradiating pure
Al target. Observing the Al ion ToF values, the
value of 4.6µs correspond to a kinetic energy of
38.36keV. Observing the faster Au ion ToF values
relative to the target obtained using 250nm Au/Al
and 750nmAu/Al, we obtain the values of 4.3µs and
8µs, respectively. Such ToF correspond to a maxi-
mum kinetic energy of 43.9keV and 92.5keV respec-
tively. The total ion yield shows a maximum value
of 120mV in pure Al, 65mV in the 250nm Au/Al
and 5mV in the 750nm Au/Al. This reduction in-
dicates that the Al ion yield decreases when it is
covered by Au thin film. Certainly more specific
information may be derived from the IEA, as well
as confirming the presence of gold and aluminium
ions, it allows us to know the charge states in the
plasma and their energy distribution. Figure 3 shows
the result of IEA analysis relative to the ion energy
distribution measured irradiating the pure Al tar-
get. It is possible to observe that 8 charge state
of Al ions are detected. Spectra indicate that the
average energy per charge state is 4.8keV; the ion
energy distribution show a width indicating an av-
erage plasma temperature of about 600eV. Fig-
ure 5 shows the result of IEA analysis relative to
the ion energy distribution measured irradiating the
750nm Au/Al target. It is possible to observe that 14

charge state of Au ions are detected. Spectra indicate
that the average energy per charge state is 6.64keV;
the ion energy distribution show a width indicat-
ing an average plasma temperature of about 1.2keV.

Figure 2: ToF spectra for irradiated target
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Figure 3: Ion distribution in energy for Al pure target

Figure 4: Ion distribution in energy for 250 nm of
Au on Al target

Figure 5: Ion distribution in energy for 750 nm of
Au on Al target

The plasma obtained using the 250nm Au/Al tar-
get indicates an intermediate energy per charge

state (about 5.4keV) and plasma temperature (about
800eV) hos is shown in Figure 4. From these distri-
butions it is possible to observe that they follow a
Boltzmann trend from which it is possible to calcu-
late, through a fit operation, the average ion acceler-
ation energy per charge states, the energy shift per
charge state and the equivalent plasma temperature.
This analysis can be performed using the Coulomb-
Boltzmann Shifted distribution [5].

f (E ) =

A
!
2m

!
1

(!k B T )

3
E exp

"
"

1

kB T

#!
E "

$
Ek "

$
Ec

%2
&

where:

- E is the total energy along the normal to the
target surface;

- Ek is the adiabatic expansion energy in vac-
uum;

- Ec is the Coulomb energy.

- m is ion mass

- K bT is the equivalent plasma temperature

Figure 6: Equivalent Plasma temperature as a func-
tion of gold thickness

Discussion and Conclusions

The reported data indicate that using a laser inten-
sity of about 2.3 · 1012W/cm 2 irradiating pure Al the
plasma temperature is about 600eV. Using the same
laser intensity irradiating 750nm Au/Al increase up
to 1.2keV, demonstrating that the increment of the
electron density of the plasma due to the presence of
gold enhancement of a factor 2 the plasma tempera-
ture. The gold in the plasma produces also an incre-
ment of the charge separation and an increment of the
consequent ion acceleration that from the 38.36keV
reaches the value of 92.5keV. The use of the 750nm
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Au on Al produces a plasma very rich in gold and
very poor in Al, demonstrating that the thickness
of 750nm is the minimum value to produce ablation
from gold similar to a bulk gold target. In conclu-
sion the plasma properties can be changed drastically
if high charge state of ions and high density elec-
trons can be injected such as demonstrated using the
750nm Au/Al in comparison with pure Al target.
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Abstract

We propose a protocol for the deterministic preparation of entangledNOON mechanical states. The system is constituted

by two identical, optically coupled optomechanical systems. The protocol consists of two steps. In the first, one of the two

optical resonators is excited by a resonant external ⇡-like Gaussian optical pulse. When the optical excitation coherently

partly transfers to the second cavity, the second step starts. It consists of sending simultaneously two additional ⇡-

like Gaussian optical pulses, one at each optical resonator, reonant with subband excitations. In the optomechanical

ultrastrong coupling regime we show that NOON mechanical states with quite high Fock states can be deterministically

obtained.

Keywords: quantum mechanics, cavity optomechanics, synthesis of arbitrary quantum superpositions.

Introduction

Cavity optomechanics studies optical cavities and
mechanical resonators interacting via radiation pres-
sure and mechanical backaction. The manipulation
and detection of mechanical motion in the quan-
tum regime using radiation pressure is promising
for applications in quantum information processing ,
where optomechanical devices could serve as coherent
light-matter interfaces which may allow for storage
of quantum information in long-lived phonon states.
Mechanical oscillators in the quantum regime are also
systems with great potential in sensing and quantum
metrology. In addition these systems hold promise
as a means to control and observe quantum super-
positions or entangled states of macroscopic objects.
The optomechanical interaction can be exploited to
create interesting quantum states both in the optical
and mechanical subsystems and to create entangle-
ment states between the two subsystems or between
di!erent mechanical systems. One particularly sim-
ple physical picture realizes a superposition of photon
states inside the cavity, which can be interpreted as
a Schr¬odinger cat type state, where a optical cavity
mode is entangled with the vibrating mirror [1]. It
is also possible to create entanglement of two spa-
tially separate mirror. In the case of two mechanical
resonators coupling to the same driven cavity mode,
there is a realistic protocol for the preparation and
readout of mechanical Bell states in an optomechani-
cal system [2]. Once the mechanical system has been
cooled towards its ground state the light Þeld can be

employed in principle to generate arbitrary quantum
states of the mechanical oscillator in a completely
controlled and deterministic manner. Optomechanics
experiments are rapidly approaching the ultrastrong
coupling regime attracting great interest also in cav-
ity QED. Realizing this ultrastrong coupling regime
in optomechanical systems will facilitate the creation
of quantum mechanical states of the mechanical res-
onator. The general strategy for creating such states
was Þrst described by Law and Eberly in the context
of cavity QED where quantum superposition of |N i
states with the highest Fock state requires sequen-
tially N exciting the qubit into the proper superposi-
tion state and then performing each of them times a
partial transfer to the resonator [4]. Recently, Xu et
al proposed the application of the strategy of Ref. [4],
for the synthesis of arbitrary nonclassical motional
states in optomechanical systems [5]. In contrast to
the Law and Eberly algorithm, Garziano et al pro-
posed a cavity-optomechanics protocol working in the
USC regime which in a single step forces the ground
state of a mechanical oscillator to evolve into quan-
tum state in a completely controlled and determin-
istic manner, independently on the highest desired
Fock state, being the only limitation the strength of
the optomechanics interaction [3].

Model

Here we consider two identical, optically coupled op-
tomechanical systems (See Fig. 1). We mainly focus
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on the ultrastrong coupling regime, where the op-
tomechanical coupling rate approaches the frequency
resonance of the mechanical oscillator.

Figure 1: (color online) Schematic setup of two iden-
tical optically coupled optomechanical systems:i -th
mechanical oscillator öbi with frequency ! M is para-
metrically coupled with the i -th single mode cavityöai

(i = 1 , 2), driven by external " -like Gaussian optical
pulses with frequencies! 0, ! N. One cavity mirror is
added to the end of both the optomechanical systems
for the characterization of target states by readout
laser or quantum tomography.

The total Hamiltonian of the system is (øh = 1):

öHS =
2!

i=1

öH (i)
0 + öH I , (1)

where

öH (i)
0 = ! Röa†

iöai + ! M
öb†iöbi + gMöa†

iöai(öbi + öb†i ) , (2)

describes the two optomechanical systems, and

öH I = gR(öa†
1öa2 + öa1öa†

2) , (3)

describes their optical coupling, wheregR is the cou-
pling rate between the two optical resonators. The
two optomechanical systems interact only via optical
coupling. When gR = 0, i.e. there is no interaction
between the two cavities, each Hamiltonian in Eq. (2)
conserves its photon number ([öa†

iöai, öH (i)
0 ] = 0), and

it can be diagonalized separately. In the casegR = 0,
the eigenstates of the Hamiltonian in Eq. (1) can be
written as

|n1, m1, n2, m2i = |n1, m1i1 ⌦ |n2, m2i2 , (4)

where the integersni and mi represents, respectively,
the number of photons and vibrational excitation in
the i -th optomechanic system.

The protocol

We Þrst describe the two-steps protocol for thedeter-
ministic preparation of mechanical entangledNOON

states | ø# i = $ |0, N, 0, 0i+ %ei'|0, 0, 0, N i $, %2 R+.
We consider that the two optical cavities are inter-
acting (gR 6= 0), and the system is initially prepared
in its ground state |0, 0, 0, 0i (no photons in the cav-
ities and the mechanical oscillators in their ground
state). We neglect the coupling of the system with
its environment, in this initial presentation, in order
to focus on the key points of the protocol. The Þrst
step consists of the excitation of one of the two opti-
cal resonators (e.g., resonator 1) by an external" -like
Gaussian optical pulse resonant with the transition
|0, 0, 0, 0i $ |1, m, 0, 0i (pulse 1). Since the system is
totally symmetrical, results do not change if we ap-
ply pulse 1 either to cavity 1 or 2. In the following
we consider the case where pulse 1 is sent to cavity 1.
In the regimes here investigated, where the optome-
chanical coupling induces the photon-blockade, the
resulting state is |1, m, 0, 0i. For gR 6= 0 this state is
not an eigenstate of the Hamiltonian in Eq. (1). As a
consequence, the system will undergo Rabi-like oscil-
lations and the time evolution of the state of the sys-
tem will be given by: |#(t)i = cos(gRt)|1, m, 0, 0i �
i sin(gRt)|0, 0, 1, mi . This energy exchange between
the two resonators can be interrupted by sending si-
multaneously two additional " -like Gaussian optical
pulses, (pulses 2 and 3, one exciting each cavity) res-
onant with the transition |1, miiÐ|0, N ii (step 2). If
we want to create aNOON state with speciÞc proba-
bility amplitudes %= sin( gRt⇤), $ = cos(gRt⇤), these
two additional optical pulses must be sent at t⇤ =
g�1
R arctan (%/$). A key point is that the ket |0, 0ii

will remain unchanged after the arrival of such pulses,
because the central frequency of the pulse is very far
from the transition frequency of |0, 0iiÐ|1, 0ii. This
will produce the desired entangled mechanical state
| ø# imech = $ |N, 0imech � i%|0, N imech . The highest
mechanical number stateN which can be obtained
in this NOON states strongly depends on the nor-
malized mechanical coupling strength%0.

Numerical results

In this article, unless otherwise stated, we will
consider the following system parameters, for the
two identical optomechanical systems:! R/! M =
500 , gM/! M = 1, &/! M = 5 ⇥ 10�5, ' m/& =
0.1 and gR/! M = 8 ⇥ 10�3. We use
P (1)
|n,mi(t) = hn, m, 0, 0|( (t)|n, m, 0, 0i and P (2)

|n,mi(t) =
h0, 0, n, m |( (t)|0, 0, n, mi to indicate, respectively, the
time evolution of the occupation probabilities for the
states of system 1 and the system 2. In Figs. 2, nu-
merical calculations are carried out considering the
system at T = 0 and in the absence of thermal noise.
In Fig. 2(a) we synthesize same mechanicalNOON
state | ø# imech = 1p

2
(|3, 0imech � i |0, 3imech) choos-

ing as ancilla state the state |1, 1i1. Numerical re-
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sults show that, for the same value of the optome-
chanical coupling rate (gM/! M = 0 .5), the choice of
an higher-energyancilla state leads to an improve-
ment in the synthesizes the target state, as con-
Þrmed by the higher value of the ÞdelityF = 0 .963.
Fig. 2(b) shows, the application of this protocol for
the synthesizes of the target quantumNOON state
| ø# imech = 2p

5
|3, 0imech� ip

5
|0, 3imech. In this case the

second Gaussian pulse must be sent at the instant of
time t⇤ = g�1

R arctan (1/ 2). Figures 2(c)-2(d) show
how it is possible to apply the here present protocol
to realize both mechanicalNOON states with higher
mechanical Fock-state numberN and an arbitrary en-
tangled mechanical superposition)OO) of mechani-
cal states. SpeciÞcally, Fig. 2(c) displays the realiza-
tion of the NOON state | ø# imech = 1p

2
(|6, 0imech �

i |0, 6imech) by choosing the state |1, 2i1 as ancilla
state. Finally, in Fig. 2(d) we realize the target quan-
tum state |ø) imech = 1p

2
[ 1p

2
(|1, 0imech + |3, 0imech) �

i 1p
2
(|0, 1imech + |0, 3imech)], showing how here pre-

sented protocol can be e!ectively used to synthesize,
with higher Þdelity, arbitrary entangled mechanical
superposition )OO) states of N Fock-state.
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Figure 2: (color online) Examples of time evo-
lution of occupation probabilities and Þdelities
F for di!erent entangled target states. (a)
| ø# imech = ( |3, 0imech � i |0, 3imech)/

p
2. (b) Tar-

get state: | ø# imech = (2 |3, 0imech � i |0, 3imech)/
p

5.
(c) Target state: | ø# imech = ( |6, 0imech �
i |0, 6imech)/

p
2. (d) The target state is the ø)OO ø) ,

|ø) imech = ( |) imech|0imech � i |0imech|) imech)/
p

2
where |) imech = ( |1imech + |3imech)/

p
2. For both the

optomechanical systems and for the all four panels
the other parameters are: ! R/! M = 500, &/! M =
5⇥ 10�5, ' m/& = 0 .1, gR/! M = 8 ⇥ 10�3.

Conclusions

We presented a strategy for the preparation of the
maximally entangled mechanical NOON states in
optomechanical systems in a completely controlled
and deterministic manner. In the optomechanical
USC regime, when the coupling strength becomes
a signiÞcant fraction of the mechanical frequency,
we have shown thatNOON mechanical states with
quite high Fock states can be deterministically ob-
tained within a few step protocol. The framework
here presented provides an example of how the USC
regime can favor the generation of entangled mechan-
ical quantum states. Such states can be viewed as a
benchmark for multi-mode state preparation and co-
herent control capabilities. One key feature of the
here proposed protcol is that it consists of a few op-
erations independently of the speciÞc Fock state in
the target NOON states. In the ideal case the sys-
tem starts in its ground state. The protocol starts
sending a" -pulse to one optical resonator with cen-
tral frequency equal to the frequency di!erence be-
tween an ancilla state |1, j i and the ground state.
Then, the system will be subject to a spontaneous
Rabi-like oscillation able to partly tranfer the exci-
tation to the second optomechanical system. The
Þnal step consists of sending simultaneously two ad-
ditional " -like Gaussian optical pulses, one at each
optical resonator, with central frequency correspond-
ing to the frequency di!erence between theancilla
state and the Þnal desired mechanical Fock state. We
tested the e"ciency and robustness of this protocol
by applying it to di!erent situations. This approach
can also be exploited for obtaining more general en-
tangled states. For example, we have shown that,
within a two-step operation, )OO) states can be
synthesized. These many-body entangled states re-
alize the situation where one of the two resonators is
in an arbitrary superposition of Fock states, with the
other in its ground state and viceversa.
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Abstract

A detailed neutron di!raction study of permanent densiÞed B 2O3 glasses showed that a growing densiÞcation drives the
system toward a structure having an increased atomic packing of molecular units within the glassy network, causing
substantial variations of the Medium-Range Order (MRO). Also low energy vibrational modes, investigated by performing
measurements of low frequencies Raman scattering and low temperature speciÞc heat, show important changes in the
compacted systems. Furthermore the elastic moduli exhibit a considerable improvement.

Keywords: densiÞed B2O3 glasses, intermediate range order, boroxol rings, low energy dynamics.

Introduction

The structure and dynamics of disordered systems
and in particular of amorphous solids are longstand-
ing issues and object of several theories and debates
among scientists [1Ð4].

The vibrational, thermal and structural proper-
ties of glasses show many anomalous behaviours. The
most characteristic structural anomaly is the pres-
ence of a peak in the total structure factor S(Q), at
Q values around 1.5ûA! 1, known as the First Sharp
Di!raction Peak (FSDP). The FSDP anticipates the
Þrst peak of crystal, evidencing the presence of peri-
odic distance in real space bigger than the distance
with Þrst or second neighbors. The FSPD is consid-
ered as the signature of the existence of a medium
range order (MRO) in glasses [2, 5, 6].

An anomalous excess of low energy vibrational
modes (E< 10meV) with respect to the crystalline
counterpart is even observed as a broad bump (the
so called Boson Peak) in the vibrational density of
states, in the low frequency Raman spectra and in
the low temperature heat capacity [7Ð9].

Unraveling the origin of these anomalies may help
to clarify the MRO and to answer other unsolved
questions about the structure, dynamics and ther-
modynamics of disordered systems.

Our approach consists of studying the e!ects of
the densiÞcation on the structure and vibrational dy-
namics of boron oxide glasses densiÞed at various
pressures and temperatures. This study was per-
formed by means of neutron di!raction, Raman scat-
tering and speciÞc heat measurements. The inßuence
of microscopic properties on elastic modules in rela-

tion to the atomic order changes on nanometer scale
has been also analyzed.

Materials and Methods

DensiÞed glasses were obtained by melt-quenching of
99.99% purity grades laboratory reagents of boron
oxide 11B in a high temperature/high pressure multi-
anvil apparatus. The glasses were fused under pres-
sure at 1 150" C for about 10 min (2GPa-B2O3) or
at 1 060" C for about 20 min (4GPa-B2O3) and then
quenched at those pressures [10]. They were there-
fore characterized by X-ray di!raction which revealed
no signs of crystallization. A crystalline sample (c-
B2O3) was obtained by the fusion at 1 280" C under
a pressure of 4 GPa for 15 minutes and then pressure
quenched at RT. The X-ray di!raction pattern gave
well-deÞned peaks.

The densities at RT were 1 826 Kg m! 3 for un-
densiÞed sample (v-B2O3), 2 082 Kg m! 3 for 2GPa-
B2O3 glass, 2 174 Kg m! 3 for 4GPa- B2O3 glass and
2 560 Kg m! 3 for c-B2O3.

To account for variations in the microscopic struc-
ture of a glass a meaningful parameter is the atomic
packing fraction ! , deÞned by the ratio between the
ionic volume Vatomic and the molar volume Vmolar :
! = N A Vatomic

Vmolar
, NA being the Avogadro number,

Vatomic given by
! 4

3 "r 3
i X i , where ri and Xi are the

radius and the fraction of the ith atom in the formula
unit, respectively; the ionic radii are taken from data
by Shannon [11].

Neutron di!raction experiments were performed,
at room temperature, on the high ßux powder
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di!ractometer D1B at the Institute Laue-Langevin
in Grenoble (France), with an incident neutron wave-
length of 2.52 ûA. The data were corrected for the
contributions of the background scattering from the
empty vanadium can, multiple scattering and absorp-
tion and they were normalized to an absolute scale
with the isotropic incoherent scattering of the vana-
dium.

Raman spectra were measured on a double
monochromator Jobin-Yvon U-1000 and recorded in
90" scattering geometry in a VV (polarized) conÞg-
uration. The incident light was the 514.5 nm line
of argon-ion laser and the power was kept below 300
mW.

The speciÞc heat capacity was measured using a
automated calorimeter, which operated by the ther-
mal relaxation method in a 4He cryostat between 1.5
and 30 K.

The velocity of longitudinal V l and shear Vt

waves was measured at 10 MHz via a pulse-echo tech-
nique [12].

Results and Discussion

Figure 1a shows the structure factors, S(Q), for the
undensiÞed and densiÞed glasses. The FSDP, ob-
served at around 1.5ûA! 1 in the undensiÞed glass,
shows substantial changes in densiÞed samples giving
indication of modiÞcations in the intermediate range
order. According to recent studies in modiÞed borate
glasses [13] the FSDP is attributed to the size of the
interstitial voids among structural units within the
network. In Figure 1b the position and the area of the
FSDP (red circles and blue squares respectively), es-
timated by Þtting the spectra with lorentzian curves,
are plotted as a function of the pressure. Increasing
pressure, the FSDP shifts at higher Q values, giv-
ing evidence of units of decreasing size. Moreover
the area of FSDP decreases with the pressure sug-
gesting a decrease of the amount of the correspond-
ing units. A strong correlation is found between the
density of glasses and the area of FSDP: upon com-
pression both quantities decrease of about the same
amount (of 15% and of 13% respectively).

Room temperature Raman spectra of v-B2O3
(cyan squares), 2GPa-B2O3 (blue up triangles) and
4GPa-B2O3 (red circles) glasses between 6 and
1 100 cm! 1 are compared in Figure 2a. The spectra
have been normalized by the total integrated inten-
sity of the multicomponent band between 1 200 and
1 600 cm! 1 (not shown) which reßects the vibrations
of all the units forming the whole glassy network [14].

The region at low frequency (below 100 cm! 1) is
characterized by an excess of vibrational modes that
originates the distinctive band of boson peak (BP).
At 808 cm! 1 the spectra are predominated by an
intense and highly polarized line, attributed to local-

ized breathing-type vibrations of oxygen atoms inside
the planar boroxol rings [14].

Figure 1: a) TOF Neutron Di!raction Measure-
ments on D1B di!ractometer at ILL in Grenoble with
#=2.52 ûAin v-B2O3 (cyan squares), 2GPa-B2O3
(blue up triangles) and 4GPa-B2O3 (red circles); b)
position (red circles) and area (blue square) of FSDP
estimated by Þtting the spectra with lorentzian curves
as a function of the pressure.

The intensity of BP decreases as a function of
the packing fraction, while its frequency linearly in-
creases (Figure 2b) from about 26 cm! 1 in v-B2O3,
through 40 cm! 1 in 2GPa-B2O3, up to 52 cm! 1 in
4GPa-B2O3 glass, denoting an substantial harden-
ing of the network. Di!erently, the intensity of the
band at 808 cm! 1, I808, is substantially reduced,
but its frequency is preserved, implying no varia-
tion of boron coordination. These Þndings indicate
that densiÞcation doesnÕt produce any change in the
short-range order and that the BP changes arise from
changes of the medium-range order.

Furthermore, the normalized intensities, I808 (red
circles) and IBP (green up triangles) show a simi-
lar linear decrease with the packing fraction (Figure
2c), pointing to zero in correspondence of the crys-
talline sample: the simultaneous decreases of these
two bands in glasses and the complete absence of
them in the crystal let to conclude that the soft vi-
brations originating the BP are strictly related to the
presence of boroxol rings. In particular we assign
these modes to out-of-plane rigid librations of planar
boroxol rings [9, 15].
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Figure 2: a) Room temperature Raman spectra of v-
B2O3 (cyan squares), 2GPa-B2O3 (blue up trian-
gles) and 4GPa-B2O3 (red circles) recorded in 90"

scattering geometry in VV conÞguration, using a
514.5 nm excitation; b) frequency of BP as a function
of the packing fraction; c) normalized intensities of
BP (red circles) and of the peak at 808 cm! 1 (green
up triangles) as a function of the packing fraction.

Figure 3 shows the CP (T)/T 3 as a function of
temperature for the samples previously analyzed: in
this representation the heat capacity exhibits the
characteristic shape of a broad peak having a magni-
tude larger than the elastic Debye contribution CD

[12]. DensiÞcation depresses strongly the peak, also
causing a shift of its maximum from 5.5 K in v-B2O3
(cyan squares) to 7.5 K in 2GPa-B2O3 (blue up tri-
angles), to about 10 K in 4GPa-B2O3 glass (red cir-
cles). In the crystalline sample (black down triangles)
a total disappearance of the peak is revealed. The
present observations conÞrm that the progressive re-
duction of excess vibrations is determined by a more
e"cient packing of molecular units which causes the
reduction of boroxol ring population until their full
disappearance in the crystal.

The magnitude of elastic moduli appears to be
also strongly a!ected by the denser atomic packing.
Ultrasonic experiments provided the transverse and
longitudinal sound velocities within the systems, al-
lowing to get shear modulusG = $v2

T and the bulk
modulus B = $v2

L � 4
3 $v2

T .
Figure 4 shows a linear increase of the shear mod-

ulus G (red circles) as a function of atomic packing,
which in the crystal becomes up to a factor of 5 higher
than that of v-B2O3; the increase of bulk modulus
(green up triangle) is even stronger. As boroxols de-
crease linearly with increasing packing, disappearing
in the crystal, we can associate this strong hardening
with densiÞcation to the progressive decrease of ring

population.

Figure 3: The temperature dependence of CP (T)/T 3

in v-B2O3 (cyan squares), 2GPa-B2O3 (blue up tri-
angles) and 4GPa-B2O3 (red circles) and c-B2O3
(black down triangles).

Figure 4: Shear modulus G (green up triangles) and
bulk modulus (red circles) as a function of the packing
fraction.

Conclusions

To explain the nature of structural and dynamical
anomalies in glassy systems we have performed low
Q-neutron di!raction, low-energy Raman scattering
and low T-heat capacity experiments in B2O3 glasses
densiÞed at various pressures and in a B2O3 crystal.

The changes in the structure factor with pressure
in the low Q region arise from the reduction in the
size of the interstitial voids among structural units
within the network and from the collapse of these
units.

In Raman spectra the similar trends in compacted
glasses of the intensities of the peak at 808 cm! 1 and
of the BP lead to believe that the excess of low energy
vibrations is related to the boroxol rings. The den-
siÞcation forces the glass towards a structure having
an increasing packing of glassy network, implying an
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hardening and a consequent increase of the BP fre-
quency.

These observations are consistent with the trend
of the low-temperature excess heat capacity with
density: densiÞcation depresses strongly the peak in
CP , also causing a shift of the temperature of its
maximum.

Furthermore the increased packing and the pro-
gressive decrease of the ring population lead to a con-
siderable increase of elastic modules.
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Abstract

Multi-Porous TiO2 layers were prepared at low temperature by using pulsed DC magnetron reactive sputtering
processes to be used as sca↵olds for Dye Sensitized Solar Cells.
TiO2 films were grown by using a grazing incident sputtering equipment from a Ti target in O2 ambient. Thanks to the
unusual sputtering configuration and applying the Thornton’s conditions, multi-porous nano-structured TiO2 layers were
obtained at room temperature. The crystallization in the anatase polymorphism was induced by annealing the multi-
porous TiO2 layer at 500�C in dry air. A study on the porosity, stability and infiltration capability of such structure was
carried out by functionalizing the TiO2 layer with a photo-active Ru-complex (N-719). Spectroscopic Ellipsometry, X-ray
Photoelectron and UV-Vis Optical Absorption Spectroscopies demonstrate the infiltration and the chemical anchoring
of N-719 dye (⇠1·1020 molecules/cm3) on the TiO2 multi-porous layers.

Keywords: TiO2, grazing incidence geometry, sputtering, DSSC, Sca↵old, Porosity.

Introduction

Dye-sensitized solar cells (DSCs)[1] are attracting
the scientiÞc community due to the large versatil-
ity and the low production cost[2]. They are espe-
cially attractive for integrated building photovoltaic
applications for which a less severe e!ect of the
photon incident angle on the light harvesting e"-
ciency is expected. Overall light-to-electric energy
conversion e"ciency of 7% in simulated solar light
has been recently improved up to 13%[3]. In the
standard scheme of the photo-anode of a DSC[4,5],
a meso-porous thin Þlm of nano-sized TiO2 crys-
tals is deposited on a Transparent Conductive Oxide
(TCO)[6], annealed for grains sintering and anatase
crystallization (typically at 500 ! C), and subsequently
imbued with a photoactive dye. Meso-porous TiO2 in
the anatase polymorphism has emerged as the most
appropriate choice for cell sca!old. The most dif-
fused and versatile way to generate nano-TiO2 archi-
tectures is by chemical approaches. They o!er a large
plethora of fascinating hierarchical and mesoporous
structures with high inÞltration capability.
On the other hand, standard physical growth meth-
ods cannot straightforwardly compete with chemical
approaches since they have an intrinsic tendency to
form compact layers. The advent of modiÞed sput-

tering methodologies to grow, instead, TiO2 sca!olds
with high porosity levels would open the Þeld to high
production throughput as linked to the reproducibil-
ity of the materials and to the up-scalability of the
processes.
In this paper we propose a material with multi-scale
porosity ranging from nano- to meso- dimensional-
ities grown by a modiÞed (up-scalable) sputtering
method, and we demonstrate its attitude to be func-
tionalized with a photo-active Ru-complex. To this
intent a photo-active blend is realized and character-
ized to provide a proofs-of-concept.

Material and methods

TiO2 deposition by grazing incidence geome-
try assisted by local oxidation (gig-lox). TiO 2

layers have been deposited a DC Magnetron Sput-
ter equipment (Kenosistec S.r.l.). We used a cus-
tomized grazing incidence source of Titanium (2-inch
circular target); the Ar ßow-rate was optimized at
69 sccm and the depositions were done in reactive
ambient of O2 pumped with a ßow rate of 2 sccm.
The process was calibrated on the basis of the semi-
empirical ThorntonÕs model[7]. SpeciÞcally, the de-
position was carried out by applying a constant power
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of 140 W (475 mA, 295 V, power loading 6.9 W/cm2)
for 12000s at room temperature. The corresponding
growth rate was of 4 nm/min, able to guarantee the
proper layer stoichiometry (as demonstrated by X-
ray photoelectron spectroscopy analyses). A pressure
of 10.5 mTorr and an anodecathode distance of 1.2
cm were set. Each deposition process is preceded by
a pre-sputtering step to clean up the surface of the Ti
target and to remove residual thin oxide layer. Dur-
ing the deposition the substrate keeps rotating under
the beam (20 rpm) in order to improve the uniformity
over the sample surface.

Characterization equipments. X-ray di!rac-
tion (XRD) analyses were performed by using a D8-
Discover Bruker AXS di!ractometer, equipped with
a Cu K↵ source. Transmission electron microscopy
(TEM) and electron di!raction analyses were done
using a JEOL JEM 2010 microscope operating at
200 kV. UV-Vis measurements were carried out by
a Lambda 750 Perkin-Elmer spectrophotometer in
the UV-Vis spectral range. Spectra were recorded
with a ±0.1 nm resolution. Spectroscopic Ellipsom-
etry (SE) data were collected using a J.A.Woollam
VASE instrument. Field emission scanning electron
microscopy (FE-SEM) images were collected with
a Zeiss-Gemini 2 electron microscope operating at
an accelerating voltage of 1.50 kV. X-ray Photo-
electron Spectroscopy (XPS) was carried out in ul-
tra high-vacuum condition (about 10" 9 Torr) us-
ing a Thermo ScientiÞc Instrument equipped with
a monochromatic Al K↵ (h⌫ = 1486.6 eV) and a
hemispherical analyser (spherical sector 180! ). The
constant-pass energy was set at 200 eV for survey
scans and at 50 eV for the XPS high resolution spec-
tra.

Results and discussion

Grazing incidence-local oxidation (gig-lox)
process description. The idea to use a di!erent de-
position geometry to build the new material is based
on the exploitation of a double strategy to provide the
material with a double-range-porosity during growth
(in-situ processes). In fact, we combined the nano-
porosity (1-5 nm) o!ered by the application of the
Thorntons conditions with the meso-porosity (10-50
nm) arising from the use of a modiÞed sputtering ap-
proach. We used a customized sputtering equipment
empowered by a Ti o!-axis source with an inclination
angle ✓ (Figure 1) and an oxidizing zone conÞned
at the sample surface, far from the cathode sheath
region. The success in growing a layer with multi-
porosity extending through thick layers (e.g. through
1 µm) mainly resides in the choice of the inclination
angle ✓. An optimum inclination angle of 12.7! was
identiÞed in our setup as a compromise between the
shadowing e!ect by the starting TiO 2 seeds (this de-

Þne the lower limit in ✓ and the verticalization of
the Ti ßux by increasing ✓, that has a tendency to
progressively close the pores by proceeding the depo-
sition. Hereafter we refer to our reÞned methodology
at inclination angle of 12.7! as gig-lox; the reference
process, related to the use of a standard parallel plate
geometry in ThorntonÕs conditions, will be indicated
by ppg.

Figure 1: Chamber section of our customized sputter-
ing equipment used to develop the new method called
gig-lox.

Morphological analyses. The morphology of
the Ti-oxide layers was evaluated by FE-SEM in
plan-view (not shown) and cross section conÞgura-
tions (Figure 2).

Figure 2: Cross-section FE-SEM images of TiO2 lay-
ers deposited (a) in gig-lox (⇠800 nm) and (b) in
ppg (⇠500 nm) configurations. Layers after thermal
treatmentat 500! C 30s in (c) gig-lox, (d) ppg layers.
The annealing were done in air.
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