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Abstract

In this research paper, a 3D process of nanometric n-channel Þn Þeld-e!ect transistor (n-FinFET) devices is studied by
using the numerical device simulator ATLAS TM Silvaco. As well known, quantum e!ects play a signiÞcant role on the
device operation, especially for state of the art devices. The inßuence of quantum e!ects on the studied nanoscale device
is investigated in detail and compared to fully classical simulations, which are necessary to assess their performance
limits.
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Introduction

The FinFET technology is driven by factors such
as miniaturization of semiconductor devices with in-
crease in the high performance. The study of the
advanced FinFET technology is a current topic of re-
search for all the production companies, like TSMC,
Intel, and Samsung, which are in the race to get
a high performance of microprocessors beyond the
barrier of 14 nm [1]. Intel was the Þrst company
to manufacture products, which basically have their
applications in computers and servers at the 22 nm
FinFET technology and currently is looking to grow
at a high rate in future with the market of the
7 nm FinFET technology. FinFET is one of the
most attractive devices for implementing nanoscale
CMOS technology which gives improvement on elec-
trical and physical design convergence at advanced
nodes such as the products of CPU, SoC, FPGA,
MCU, and network processor. The presence of more
than one gate in electrical device leads to increase
the e!ective control in FinFETs thereby reducing
short channel e!ects such as drain induced barrier
lowering (DIBL) and threshold voltage (vth) roll-o!,
which are important concerns for integrated circuit
designers [1]. For the FinFET, the body thickness
TFin should be approximately half of the gate length
LG to provide btter control of short channel e!ects
(SCEs). The drain induced barrier lowering, sub-
threshold swing (SS), and leakage current (Io!) in-
crease sensibly when LG/TFin ratio is smaller than
1.5 [2][3]. In a thin silicon Þlm, the quantum e!ects
of carriers must be taken into account in the device
simulation [4]. Silicon on insulator (SOI) FinFETs

are built on SOI wafers [5, 6]. The use of SOI sub-
strate on manufacturing microprocessors was intro-
duced from the major semiconductor companies with
the aim to minimize parasitic capacitances and to
improve current drive, circuit speed, and power con-
sumption [1]. The high-k dielectric materials (Al2O3,
La2O3, and ZrO2) are considered as promising solu-
tion to improve the gate control on the channel re-
gion and electrical performance [7]. In this paper we
have explored the use of numerical device simulator
ATLAS TM including the Bohm Quantum Potential
(BQP) for simulating and studying the short chan-
nel behavior of an SOI TG n-FinFET device in three
dimensions and comparing the obtained results with
fully classical simulations. The main results of our
simulations have been investigated and compared to
the results reported in recent papers, in order to high-
light the achieved improvements. Furthermore, the
performance of the proposed device is analyzed with
respect to the Þn-thickness, gate work functions, and
channel doping concentration.

Device Structure

The 3D schematic view of the simulated TG n-
FinFET structure is shown in Fig.1. The device di-
mensions, LG, HFIN , TFIN , and tox are the gate
length, the height of silicon Þn, the thickness of sili-
con Þn, and thickness of gate oxide respectively. The
thin ZrO 2 layer has been proposed to replace con-
ventional SiO2 as gate dielectric material for good
gate control of SCEs. In TG FinFET, as depicted in
Fig. 1, the gate oxide thickness is equal in all three
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sides of the Þn region and it has been Þxed to 1.5 nm.

Figure 1: Illustratesthe SOI TG n-FitFET structure

The height of silicon Þn (HFIN = 10nm) is deÞned as
the distance between the top gate and bottom gate
oxides. The thickness of silicon Þn (TFIN = 4nm)
is deÞned as the distance between front gate and
back gate oxides [8]. The channel region is formed
by a slightly doped volume with doping concentra-
tion 1016cm! 3 (P-type). The doping concentrations
of source/drain regions are assumed to be uniform
and equal to 3.1022cm! 3 (n-type). The value of the
gate work function is 4.53 eV. This device provides
a better scalability option due to its excellent im-
munity to SCEs. This technology provides a better
electrical control over the channel and thus leads to
improvements in device performance [1, 2].

Device simulation using
Silvaco-Atlas

The numerical device simulator ATLASTM has been
used to simulate the structure of the proposed SOI
TG n-FinFET with high-k material. A numerical
simulation in SILVACO consists of two main steps:
the structure creation and numerical resolution. The
structure creation includes the deÞnition of the mesh,
the di!erent regions of the device, electrodes, and
doping. The numerical resolution includes the deÞ-
nition of the gate work function, the choice of phys-
ical models, and mathematical methods used by the
simulator [9]. The choice of physical models is impor-
tant to improve accuracy of the numerical simulation
results. In our simulation, the inversion-layer Lom-
bardi constant voltage and temperature (CVT) mo-
bility model was considered. Auger model is invoked
to deal with the minority carrier recombination. The

ShockleyÐReadÐHall (SRH) generation and recombi-
nation model have also been used. Scaling FinFET
around the 8 nm technology is accompanied with
great challenges, including SCEs, DIBL, and high
leakage current. The quantum e!ects are rigorously
taken into account in this simulation. To obtain the
quantum electrical characteristics of a FinFET struc-
ture, the Bohm Quantum Potential model is used in
Atlas 3D simulations, which is BohmÕs interpretation
of quantum mechanics. The quantum conÞnement
is correctly predicted by the BQP model. Two nu-
merical methods Gummel and Newton are invoked
to attain the results [9]. Threshold voltage of the
device is an important parameter which decides the
device performance. We can derive the QM threshold
voltage, Vth,QM, of the MuGFET as FinFET device
structure [11]:

Vth,QM = Vfb + ! s(inv) !
Qb

2Cox
+ "V th,QM

where ! s(inv) is the surface potential at threshold,
and "V th,QM is the threshold voltage change due to
QME "s, which can be approximated as a function of
the ratio of the carrier e!ective mass in the direction
of conÞnement to the free electron mass and silicon
Þlm thickness which is given as [12]:

"V th,QM "
SS

(KT/q )ln (10)
+

0.3763
(mx/m 0q)T2

fin

where SS is the subthreshold slope andmx/m o is
the ratio of the carrier e!ective mass in the direction
of conÞnement to the free electron mass. A well-
behaved I-V characteristic of a 8 and 10 nm gate
length TG n-FinFET device is reported in Fig. 2.
The gate voltage VGS is swept from 0 to 1 V with a
step of 0.02 V. The threshold voltage is 0.30 V for
8 nm gate length device and 0.31 V for 10 nm gate
length device at VDS = 0 .1V . The threshold voltage
obtained is a good value compared to the one ob-
tained by Baravelli et al. (i.e., 0.36 V) [15]. There
were some modiÞcations at the level of the work func-
tions of the metal gates to reach theVth value de-
sired. The e!ect of using the BQP model is to reduce
the drain current, compared to the current obtained
when quantum conÞnement is not included. Due to
the energy quantization, the conduction band splits
into several subbands each of which has a minimum
energy eigenvalue [16]. The quantization of energy is
stronger (or equally, the separation of energy levels is
higher) for thin silicon Þlm and for larger surface elec-
tric Þelds. Due to the presence of the subbands, we
can equivalently say that the quantum conÞnement
raises the conduction band edgeEC to the lowest or-
der eigenvalue. This shift has a direct inßuence on
the device threshold voltage because it needs more
band bending (potential energy lowering) to create
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the inversion layer. The threshold voltage variation
with two di!erent gate lengths is presented in Ta-
ble 1. This poses an additional design challenge as
ßuctuations in gate length will lead to unpredictable
values of threshold voltage.

Figure 2: Linear of simulation of I DS versus VGS for
a TG FinFET device at VDS = 0 .1V .

Table 1: Electrical parameters of an n-FinFET de-
vice

The threshold voltage roll-o! for SOI TG Fin-
FET decrease with reduction of gate length at the
same channel thickness. The opposite are observed
for the subthreshold slope, drain induced barrier low-
ering, and leakage current from the Table 1. There-
fore, the transistor with the larger channel and the
larger gate are the most immune to SCEs. In addi-
tion, in the strong inversion region quantum e!ects
reduce the drain current. The quantum conÞnement
reduces the drain current as no carriers are allowed
at the Silicon/ ZrO 2 interface.

At shorter channel lengths, the subthreshold slope
starts to degrade as the barrier is controlled by the
drain and not only by the gate. Excellent gate con-
trol on the channel potential, the electric Þeld lines
will properly be terminated at either the two vertical
gates. Thus the drain control on the channel poten-
tial is reduced leading to more immunity to DIBL.
The subthreshold slope and drain induced barrier
lowering of the considered SOI TG n-FinFET device
with LG = 8nm, TFIN = 4nm, and HFIN = 10nm
(i.e., 65.75 mV/dec and 37.2 mV/V) show improve-

ment compared to TG FinFET device with LG =
16nm, TFIN = 8nm, and HFIN = 32nm (i.e., 70
mV/dec and 70 mV/V) [17], respectively. Shorter LG

provides less resistance and lower surface-roughness
scattering which leads to a higher transconductance
and mobility. It should be mentioned, the accuracy
on transconductance is sometimes more important
for designers that the one of the current for high
quality circuit design. For gm, the highest value of
962µA/V was extracted for the device with LG =
8nm. Shorter L g provides less resistance and lower
surface-roughness scattering which leads to a higher
transconductance and mobility for shorter LG. How-
ever, reducing the gate length resulted in presence of
the SCE with degradation in leakage performances of
device which can be a sign of poor scalability of the
device.The BQM is more noticeable for short chan-
nel due to the higher normal electrical Þelds at the
inversion layer in 3D.

Conclusions

In this paper, we have performed a quantum simula-
tion of Þn Þeld-e!ect transistors by using the Bohm
Quantum Potential model to include quantum con-
Þnement e!ects in the simulations. The scaling be-
havior of the FinFET transistors has been investi-
gated, and it has been found that their device char-
acteristics sensitively depend on the channel length.
A proper trading of Fin width and gate work function
improves short channel e!ects. The newly proposed
transistor structure is compatible with current manu-
facturing process, which exhibited good performance
characteristics down to 8 nm. The n-FinFET de-
vice with 8 nm gate length shows an improved drain
current and an increase in transconductance. As a
result, n-FinFET with ZrO 2 as gate dielectric mate-
rial can be considered as a promising device for future
semiconductor industry. With the CMOS processing
technology already reached less than 22 nm regime.

References

[1] J.-P. Collinge, FinFET and Other Multi-Gate
Transistors. Berlin: Springe. p. 350 (2008).

[2] X. Huang, W. C. Lee, C. Kuo, D. Hisamoto, L.
Chang, J. Kedzierski, E. Anderson, H. Takeuchi,
Y. K. Choi, K. Asano, V. Subramanian, T. J.
King, J. Bokor, and C. Hu. IEEE Trans. Elec-
tron Devices. 48, 880(2001).

[3] D. Hisamoto, W. C. Lee, J. Kedzierski, H.
Takeuchi, K. Asano, C. Kuo, E. Anderson, T. J.
King, J. Bokor, and C. Hu. IEEE Trans. Elec-
tron Devices. 47, 2320 (2000).

17



Activity Report 2016 - Dottorato di Ricerca in Fisica, Universit à di Messina
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Abstract

In the present paper we compare the mean square displacement (MSD) values obtained on dry and hydrated (H 2O
andD 2O) lysozyme samples by using two spectrometers, IN13 and IN10 at the Institute Laue Langevin (Grenoble,
France), working at the energy resolution value of 8 µeV , corresponding to an elastic time resolution of 516 ps, and at the
energy resolution value of 1µeV , corresponding to an elastic time resolution of 4136 ps. In particular the comparison is
performed when only vibrational motions occur, i.e. when the system MSD can be considered almost constanthr 2i(t) !
hr 2iV . Such a condition is approximately satisÞed in the low temperature range up to T = 40 K. The analysis furnish
values that agree very well with data reported in literature while comparison between the measured MSDs shows the
role played by the instrumental energy resolution.

Keywords: Mean Square Displacement, Elastic Incoherent Neutron Scattering, Lysozime, Instrumental Energy Reso-
lution.

Introduction

It is well-known that neutron scattering give the pos-
sibility to characterize the dynamical and structural
properties of many material systems, such as poly-
mers, proteins, glasses, and so forth. These infor-
mation are expressed by the time-dependent spatial
correlation functions G(r, t ) introduced by Van Hove
whose spacetime Fourier transform corresponds to
the scattering function S( !Q, " ).
The system observables, for example, distribution
functions and mean square displacement (MSD), are
inßuenced by instrumental e!ects because the ex-
perimentally obtained neutron scattering data are
also connected with the employed spectrometer in-
strumental features. In the present paper we use
two spectrometers working, IN13 and IN10, with dif-
ferent instrumental resolutions, to apply to EINS
data collected, on dry and hydrated (H 2O and D 2O)
lysozyme samples. Lysozyme is an enzyme occur-
ring naturally in egg white, human tears, saliva, and
other body ßuids, capable of destroying the cell walls
of certain bacteria and there by acting as a mildan-
tiseptic.

Experimental Section

Experimental data were obtained by the IN13 and
IN10 spectrometers at the Institute Laue Langevin
(Grenoble, France). In these spectrometers the inci-

dent neutron shave a relatively high energy (16meV)
and two di!erent energy resolutions. In particular:

Figure 1: Instrumental characteristics

The scattering particles which move in a time
scale much slower than the characteristic time corre-
sponding to the energy resolution are seen as elastic
scatterers, whereas a decrease of the elastic intensity
is observed for scattering particles which move faster.
This implies that a scattering particle which moves
in a time scale between there solution time of IN13
and IN10 contributes as an elastic process in the IN13
spectra and as a non elastic process in the IN10 spec-
tra. Raw data were corrected for cell scattering and
detector response [1]. Partially deuterated lysozyme,
in a dry state, in D 2O, and in H 2O environments at a
hydration value of h =0.4 (h =water/protein weight
fraction) have been employed. Data were collected
by the IN13 spectrometer in the temperature range
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of 20÷310 K and by the IN10 spectrometer in the
20÷320 K temperature range.

Theoretical Approach

It is well known that experimental neutron scatter-
ing data are connected both with the structure and
dynamical properties of the investigated sample, rep-
resented with the instrumental apparatus and also by
the scattering law S( !Q, " ) and by the intermediate
scattering function I ( !Q, t),that are connected by a
direct and an inverse time Fourier transform:

S( !Q, " ) =
1

2#

! !

"!
I ( !Q, t)e" i!t dt (1)

I ( !Q, t) =
! !

"!
S( !Q, " )ei!t d" (2)

The experimentally accessible quantity in the" �
space, due to the Þnite energy instrumental resolu-
tion , is the convolution of the scattering law S( !Q, " )
with the instrumental resolution function R(", $" ) ,
i.e. the measured scattering lawSR ( !Q, ", $" ):

SR ( !Q, ", $" ) = S( !Q, " ) ⌦ R(", $" ), =
! !

"!
S( !Q, " � " #)R(" #, $" ) d" #

(3)

that, taking into account eq. 1, yields:

SR ( !Q, ", $" ) =
"

1p
2#

! !

"!
I ( !Q, t)e" i!t dt

#
⌦R(", $" ) =

! + !

"!

1p
2#

! !

"!
I ( !Q, t)e" i ( ! " ! ! ) t dtR(" #, $" ) d" # =

! !

"!
I ( !Q, t)e" i!t dt

"
1p
2#

! !

"!
e" i! ! t R(" #, $" ) d" #

#
=

! !

"!
I ( !Q, t)R(t)e" i!t dt

(4)

We highlight that the sub-index R indicates that
the relative function is a!ected by the instrumental
resolution,instead, the absence of this sub-index indi-
cates that the relative function is connected only to
the sample. In the ideal elastic case in which the res-
olution is a delta function in the " -space, we obtain
from eq. 4 that the measured scattering law coincides
with the scattering law evaluated at " = 0:

SR ( !Q, " = 0 , $" ) =
! !

"!
I ( !Q, t)R(t) dt (5)

SR ( !Q, " = 0 , $" ) =

1p
2#

! !

"!
I ( !Q, t) dt = S( !Q, " = 0)

(6)

In the opposite limit in which the instrumental
resolution is a very broad function in the " -space (in
respect to the time behaviour of I ( !Q, t)), under the
assumption that it can be treated as a constant, the
measured scattering law corresponds to the interme-
diate scattering function evaluated at t = 0:

SR ( !Q, ", $" ) =
! !

"!
I ( !Q, t)R(t) dt =

! !

"!
I ( !Q, t)%(t) dt =

I ( !Q, t = 0)

(7)

Now, analyzing eq. 3 and eq. 5, we evaluate the
e!ect of the instrumental resolution on the MSD. We
begin introducing a general expression for the mea-
sured MSD

h !r 2iR =
! !

"!
Gself

R (r )r 2 dr (8)

So, we can consider two procedures for MSD eval-
uation:

• the Þrst one is based on the following equation:

=
! !

"!
F Tr

$
I R (Q, t)

%
r 2 dr (9)

and leads to the following conclusion:

h !r 2iR (t) =
p

2#R(t)hr 2i(t) (10)

The MSD obtained by this procedure is a func-
tion of time.

• The second one is based on the following equa-
tion:

=
! !

"!
F Tr

$
SR ( !Q, " = 0)

%
r 2 dr (11)

and leads to the following conclusion:

h !r 2iR =
! !

"!
hr 2i(t)R(t) dt (12)

The MSD obtained by this procedure is a number
The connection between the two MSD is:

h !r 2iR =
1p
2#

! !

"!
hr 2iR (t) dt (13)

Moreover, it depends on the employed instrumen-
tal resolution.
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Results and Discussion

The relation between the measured MSD,h !r 2iR and
the system MSD,h !r 2iR (t), in experiments which give
a direct connection with the scattering law evaluated
at = 0 , SR ( !Q, " = 0 , $" ), is given by equation:

h !r 2iR =
! !

"!
h !r 2i(t)R(t) dt (14)

We can say that:

• For two di!erent systems with the same instru-
mental resolution yields, the comparison be-
tween the MSDs measured is:

hr 2i1,R �hr 2i2,R =
! !

"!

"
hr 2i1(t)�hr 2i2(t)

#
R(t) dt

(15)

So, using the same instrument working at the
same resolution, on two di!erent systems,the
di!erence between the measured MSD does
not correspond to the di!erence between their
MSDs [2].

• For the same system evaluated at di!erent in-
strumental resolutions yields, the comparison
between the MSDs measured is:

hr 2iR 1�hr 2iR 2 =
! !

"!
hr 2i(t)

"
R1(t)�R2(t)

#
dt

(16)

Below is shown the comparison between the
measured MSDs obtained for the same sys-
tems, that is, dry and hydrated (H2O and D2O
with h = 0 .4) lysozyme, respectively, by the
IN13 spectrometer working at the energy reso-
lution value of 8µeV, corresponding to an elas-
tic time resolution of 516ps, and by the IN10
spectrometer working at the energy resolution
value of The MSD values have been obtained
by employing the following common Q-range:
0.30÷ 2.16ûA" 1

Figure 2: Comparison between the measured MSDs
temperature behavior obtained from data collected by
the IN13 and IN10 spectrometers on (a) dry and (b)
hydrated (H2O) lysozyme samples.
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Figure 3: vibrational MSDs values for dry, hydrated
(H2O and D2O) lysozyme.

In agreement with eq. 12 , the MSD evaluated
by IN10, in all the temperature ranges, is higher
in respect to that evaluated by IN13. This is
because that even at the lowest temperature
values, where only vibrational contributions are
expected to contribute, the measured MSD is
the integral of the product between the resolu-
tion function and the system MSD [3].

Figure 4: E!ect on the measured MSD because of
the di!erent energy resolution of the two spectrome-
ters, IN13 and IN10,when there are only vibrational
motions; inparticular di!erent measured MSDs cor-
respondat the same system MSD.

• In particular, when only vibrational motions
occur, the system MSD can be considered al-
most constant hr 2i(t) ! hr 2iV (such a condi-
tion is approximately satisÞed in the low tem-
perature range up toT = 40K ); in such a case,
the measured MSD from eq. 12 results

hr 2iR =
! !

"!
hr 2i(t)R(t) dt

=
! !

"!
hr 2iV (t)R(t) dt

(17)

hr 2iR = hr 2iV
! !

"!
R(t) dt (18)

Then, starting from the last equation, its possible
to determine the system MSD at the lowest temper-
ature values

hr 2iV =
hr 2iR&!

"! R(t) dt
(19)

Figure 2 shows the e!ect on the measured MSD
because of the employment of a di!erent energy res-
olution, when there are onlyvibrational motions; as
it can be seen, at the same vibrational system MSD,
di!erent measured MSDs correspond. It notes that
if we apply this procedure to the data collected on
the same systems by the two spectrometers IN13 and
IN10, which operate at a di!erent energy resolution,
we obtain at the lowest temperature values the same
system MSD value. This gives conÞrmation for the
validity of the procedure.

Conclusions

MSD values obtained with di!erent instrumental en-
ergy resolutions furnish di!erent values. In this work
the MSDs obtained on dry and hydrated (H2O and
D2O) lysozyme samples by using two spectrometers,
IN13 and IN10 at ILL, working with energy resolu-
tion values of 8µeV, and 1µeVare analysed. In par-
ticular the comparison is performed when only vibra-
tional motions occur, i.e. when the system MSD can
be considered almost constanthr 2i(t) ! hr 2iV , i.e.
in the low temperature range up to T = 40K . The
obtained MSD values agree with Þndings reported in
literature highlighting the role played by the instru-
mental energy resolution
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d’Alcontres 31, 98166 S. Agata, Messina, Italia
INFN, Gruppo Collegato di Messina, Messina, Italia

E-mail: saverio.deluca@unime.it

Abstract

My Ph. Doctor is devoted to study and characterization of the new digital GET Electronics (General Electronics
for Tpc). In this paper we present some results of tests on this compact Electronics; that must be used for both the
Þnal FARCOS array, constituted by 20 telescopes (about 2600 electronic channels), and the 4! CHIMERA CsI(Tl)
(1192 detectors) front-end, now obsolete. The new Electronics allow us to capture and preserve the shape of the signals
produced by the detector. Among its features it is worth noticing the compactness and low power consumption (5W for
256 channels). Tests have been performed with pulsers, radioactive sources and ion beams. With such Electronics good
results in energy resolution and isotope separation of detected fragments were obtained, by using both hardware and
software Þlters.

Keywords: digital and compact Electronics, hardware and software Þlters, energy resolution.

Introduction

At the intermediated energies, i.e., starting from
Fermi ones (! 30 AMeV) up to few AGeV, the studies
of reaction dynamics and nuclear structure between
Heavy Ions collisions (H.I.) are faced with the detec-
tion of a large number of particles (both charged and
neutral) produced in the Þnal states. Many e!orts
have been done in recent years to cover the complex
problems arising in such studies [1]. In recent years,
the equation of state (EoS) of the asymmetric nuclear
matter and in-medium nuclear e!ective interactions
have attracted much interest in nuclear and astro-
physical community [2,3]. Motivated by this physics
background and experimental complexity, with the
beginning of the new millennium at the LNS (Labo-
ratori Nazionali del Sud) of Catania the construction
of a second generation device, the 4! multi-detector
CHIMERA (Charged Heavy Ion Mass and Energy
Resolving Array) was accomplished [4]. CHIMERA
was equipped with electronics in discrete components
that allowed to identify fragments and light charged
particles in charge and-or mass in a wide dynamic
range [5]. Evidently, a wide number of investigations
performed in heavy-ion collision researches required
multi-particle correlation measurements of high both
angular and energy resolution. In fact, light par-
ticles and fragments are abundantly produced dur-
ing the overall dynamical evolution of the reactions
from the most peripheral to central collisions cover-
ing an impressive time scale from fast (few tents of

fm/c) to sequential decay (hundreds of fm/c). The
stringent requirements pencilled above triggered also
the design of a new ancillary detection array named
FARCOS (Femtoscope ARray for Correlations and
Spectroscopy) [6]. So, as already mentioned, for the
CsI(Tl) of CHIMERA and for FARCOS project (20
telescopes) we need to manage almost 4000 indepen-
dent channels. Our choice was to adopt a compact
hardware architecture covering digitalization and sig-
nal readout, syncrhonization and trigger functions.
These last aspects are covered by the GET project.

Electronics and Methods

GET Eletronics is based on AGET [7] (Asic for Gen-
eral Electronics for Tpc) circuit (Figure 1). Four of
these chips are soldered on the ASAD (Asic Support
and Analog-Digital conversion) card with four 12-bit
ADC (one per AGET). Each AGET handles up to
64 channels (256 inputs for ASAD). The digital out-
puts of the 4 ADCs are transmitted with a maxi-
mum speed of 1.2 Gbit/s to the CoBo board. The
CoBo (Concentration Board) board manages up to 4
ASAD, so using 4 CoBo we are able to manage more
than 4000 detectors. The CoBo board is responsi-
ble for applying a time stamp, zero suppression and
compression algorithms to data. It will also serve
as a communication intermediary between the Asad
and outside world with a maximum speed of 1 Gbit/s
per CoBo. The MUTANT (MUltiplicity Trigger ANd
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Time) card manages the multiplicity, conditions for
the trigger, and distribution of the clock on the whole
system. It also allows conversation with other ac-
quisition systems by transferring/receiving external
triggers. The global data are transmitted through
network switch to computer farm with a maximum
speed of 10 Gbit/s for the storage and online analysis.

Figure 1: Schematic representation of GET Electron-
ics.

The AGET chip includes 64 channels handling
each one detector unit. The architecture is based
on the AFTER chip [8] with signiÞcant new features
and modiÞcations to match very di!erent detector
needs. The main characteristics is ßexibility and pro-
grammability of the system. One can easily change
gain, adjust the timing of single read out and adapt
the trigger system to a given experiment not only us-
ing the information on channel multiplicity but also
on the position of Þred channel. A read out chan-
nel integrates mainly (Figure 1): a charge sensitive
preampliÞer, an analogue Þlter (shaper), a discrim-
inator for trigger building and a 512-sample analog
memory.

Figure 2: Schematic representation of a AGET chan-
nel in the ASAD Board.

An important feature of GET electronics is that

you can choose the input (charge ampliÞer, Þlter or
512-sample analog memory) for the signal and for
each AGET. By slow control, it is possible to switch
the signal to the input of the SKÞlter or inverting 2
x Gain just before the SCA. In this case, the internal
supply of the CSA and PZC Þlter is cut o!. We will
not use the preampliÞer input of AGET chips. Dur-
ing the tests we have seen that one can very well use
either the SKÞlter (SK) input, if the signals had some
noisy in order to improve resolution or directly the
GAIN 2 input when this is not necessary. Depend-
ing on the physics case, one has also to take into
account that in SK mode one has a factor 2 gain. In
our test we chose the hardware SKÞlter input and
we used triangular software Þlters to determine the
maximum and the rise time of the signals (Figure 3).

Figure 3: Signals (red lines) of a CHIMERA tele-
scope, filtered signals used to determinate the maxi-
mum (green lines) and filtered signals used to deter-
minate the rise time (blue lines).

Results and Discussion

We adapted the general conÞguration Þle to a setup
suitable for CHIMERA detectors. At Þrst prelim-
inary tests with internal pulser, external one and
sources have been performed in order to see the lin-
earity of Electronics and the reliability of internal
trigger even at low multiplicity values. We performed
also tests on DSSD (Double-sided Silicon Strip De-
tector, for more details see my activity report 2015)
FARCOS detectors under vacuum conditions with a
mixed nuclide alpha source. We used, for this test, 32
channel preampliÞers with pseudo-di!erential output
realized by INFN-MI. The gain2 input and external
trigger were used for GET electronics. In Figure 4,
the energy spectrum obtained is shown. Due to the
preampliÞer gain (10 mV/MeV) the dynamic range
is about 100 MeV. The measured resolution is about
60 keV with 3-4 channels of FHWM on average in
the di!erent peaks.
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Figure 4: Calibration alpha source as seen with DSSD
FARCOS detector and GET electronics. The mea-
sured resolution is about 60 keV (FWHM). Note: the
energy scale is about 20 keV for channel.

Another check performed with GET electronics
was done during experimental campaign CLIR. The
elastic scattering peaks observed in the reactions were
used for the particle energy calibration. As expected,
energy calibration is practically linear in the investi-
gated range of dynamics (! 100); however a small
quadratic term must be added to match calibration
at low energy for the CsI channels. In this exper-
iment, using a single telescope of CHIMERA, with
fragmentation beams (E! 50 AMeV) on plastic tar-
get we obtained this Energy (Y) vs Rise-time (X)
scatter plot. In Figure 5 we can note that the beril-
lium, lithium and helium lines are well seen and also
protons region can be appreciated.

Figure 5: Energy-rise time (1 ch = 40 ns for rise
time) bidimensional histogram in a CsI(Tl) detector
with fragmentation beam at 25 MHz frequency sam-
pling.

Moreover, during again the CLIR experiment
with a fragmentation beam on hydrogenated plas-
tic target, we got the " E-E identiÞcation matrix re-
ported in Figure 6. The comparison between this
matrix and the one obtained with classical electron-
ics during the UNSTABLE experiment shows a better
isotopic separation at least up to Carbon ions using
GET electronics.

Figure 6: Two " E-E identification bidimensional
histograms obtained from the same telescope with
GET Electronics (left panel) and the standard
CHIMERA acquisition (right panel). We used frag-
mentation beams at 50 AMeV on a plastic target in
both experiments.

Finally thanks to the transportability of GET
Electronics, we have measured spectra in Messina us-
ing a germanium detector and a Reduced CoBo, that
is able to manage only one ASAD card. We acquired
the gamma rays emitted from a Co-60 source using
both MAESTRO digital acquisition (14 bits of reso-
lution) and GET Electronics (12 bits of resolution).
With GET the signals, coming out from germanium
preampliÞer, were digitized at a frequency of 50MHz
and were shaped with a 502 ns shaping time in the
SKF stage of AGET chip, while in MAESTRO digital
acquisition also an ampliÞer (ORTEC 572 with shap-
ing time of 2 s) was used. As shown in Figure 7 above
the resolution of GET is comparable to that of MAE-
STRO. This is a very beautiful result showing the in-
trinsic quality of GET Electronics, notwithstanding
the smaller number of bit available, thank to the dig-
italization of the signal and the software Þlters that
can be applied we get a worsening in the resolution
smaller than 1 keV. The smaller bit number is in fact
somewhat compensated by the full digitization of the
signal producing a larger e!ective amount of bit.

Figure 7: Peaks of Co-60 at 1173.2 keV and 1332.5
keV with both MAESTRO acquisition (left panel) and
GET acquisition (right panel) obtained after one hour
of acquisition.
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Conclusions

With performed tests we were able to characterize the
performances of the GET Electronics and the possi-
bility of its use for CHIMERA and FARCOS detec-
tors. The overall quality of the obtained signals en-
sure us of this feasibility. The possibility of using ad-
justable digital software Þlters allows improvements
on CsI(Tl) resolution. Regarding the silicon chan-
nel we observe that a beautiful energy resolution can
be attained allowing satisfying isotopic identiÞcation
also at very low released energy (the energy loss of
62 MeV proton in silicon is only 500 keV). Dynami-
cal range is too small to match with the requirement
of intermediate or high energy experiments; so, two
electronic channels must be used for each detector.
Moreover one of the advantage of digital acquisition
is the fact that pedestal is measured event by event
(by measuring the baseline of the preampliÞer signal)
and, consequently, subtracted. Therefore the Þt cal-
ibration line must intercept the zero and small non-
linearities characterizing CsI(Tl) can be easily mea-
sured. In addition, the signal is completely digitized
and saved, allowing a more accurate o"ine analysis
thus improving the resolution. Finally, the reduc-
tion of power dissipation and the decrease in size of
the new Electronics (an ASAD card is big as a VME
card) are such characteristics to allow us easy trans-
port for di!erent experiments in various laboratories.
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Micali1, O. M. Maragò1, M. L. de la Chapelle4 P. G. Gucciardi1

1CNR, Istituto per i Processi Chimico-Fisici, Viale F. Stagno DAlcontres 37, Messina, I-98158, Italia
2Dottorato di Ricerca in Fisica, Dipartimento di Scienze FisicheÐMIFT, Università degli Studi di Messina, V.le F.S.
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Abstract

High sensitivity and high speciÞcity are two of the main features a biosensor should have. Plasmonics has brought new
improvements in this research Þeld, and Þeld and in particular Surface Enhanced Raman Spectroscopy (SERS) o!ers also
insight on the structure and conformation of the protein. Performing SERS measurements in liquid environment is of
extreme importance in view of in-vivo applications and in this context optical forces can play an important role because
of the possibility of contactless manipulation of plasmonic nanoparticles without the further addition of chemicals to
foster aggregation of plasmonic nanoparticles necessary to reach high sensitivity levels. Here we exploit a novel detection
scheme that takes advantage of the radiation pressure to locally push gold nanorods and induce their aggregation in
bu!ered solutions of biomolecules, achieving biomolecular SERS detection at almost neutral pH. The detection speciÞcity
was achieved through the functionalization of the nanorods with DNA aptamers properly designed to have a high a"nity
only with the target biomolecule. In particular we show the selective detection of manganese superoxide dismutase
(MnSOD), a cancer biomarker, in the nM range.

Keywords: SERS biosensor, in-liquid detection, DNA aptamer, MnSOD.

Introduction

Plasmonics has brought new detection strategies in
the Þeld of biosensing [1]. Taking advantage of
the huge electromagnetic Þeld enhancement provided
by the resonant excitation of localized surface plas-
mons (LSP) in metal nanoparticles (NPs) [2], Sur-
face Enhanced Raman Spectroscopy (SERS) [3, 4],
has proved to be an e!cient tool label-free detection
of biomolecules and proteins [5Ð8] adding to standard
surface plasmon resonance sensors information on the
normal vibrational modes of the biomolecule, useful
to get insights on its conformation and structure[9].
Another important issue for a biosensor is the selec-
tivity, which enables the device to interact only with
a speciÞc kind of biomolecules among a mixture, e.g.
body ßuids. This aspect is usually solved function-
alizing the active area of the sensor with a biorecep-
tor, having a high a!nity with the target molecules,
such as antibodies or DNA aptamers. In particu-
lar DNA aptamers [10] exhibit a higher a!nity to
proteins than antibodies; they have become increas-
ingly important molecular tools for diagnostics and
therapeutics since they can be synthesized with high

reproducibility and purity from commercial sources,
showing a high chemical stability [11Ð13]. The com-
bination of aptamers with plasmonic nanoparticles
can provide simultaneously high sensitivity and high
selectivity SERS detection of biomolecules [14, 15].

The e"ort to design detection schemes for in vivo
applications makes label-free SERS detection of pro-
teins in liquid environment preferable with respect
to plasmonic substrates working in dried state. On
the other hand inducing SERS-active aggregates in
a solution containing biomolecules without altering
their functionalities has turned out to be a challenge.
Optical forces can play an important role in this con-
text, enabling the formation of e!cient SERS hot
spots in a controlled, contactless way [16, 17]. Light
exerts forces and torques on metal NPs, enhanced by
the plasmon resonances [18Ð20]. When the energy
of the laser Þeld is far-o" the LSPR, optical forces
by focused laser beams are dominated by the gra-
dient force [17] and can attract [21, 22] metal NPs
from high Þeld intensity regions. Instead, when the
light is nearly-resonant with the particle LSPR, op-
tical forces are dominated by radiation pressure and
can be used to push metal NPs along the beam op-

27



Activity Report 2016 - Dottorato di Ricerca in Fisica, Universit à di Messina

tical axis onto a substrate [23, 24]. Pioneering ex-
periments have shown that trapping forces permit
to bring together individual metal NPs and create
SERS-active dimers[25]. It is also possible to trap
gold colloids aggregated in presence of BSA and
detect the enhanced Raman scattering of the pro-
tein [26]. Recently we have shown the possibility
to exploit the radiation pressure to selectively push
and aggregate gold nanorods (NRs) for label-free
SERS detection in liquid (in LIQUI d SERS sensOR,
hereinafter LIQUISOR) of proteins, such as Bovine
Serum Albumin and Lysozime in PBS at concentra-
tions down to few µg/mL [27]. This approach rep-
resents a step forward in the development of SERS-
based biomolecular sensors in liquid, since it allows
one to use lasers with a broader wavelength range
(no more limited by the LSP resonance of the NPs).
An important molecule in the Þeld of nanomedicine is
manganese superoxide dismutase (MnSOD), a cancer
biomarker whose levels in plasma serum have been
found higher in patients with ovarian carcinoma and
sepsis [28Ð30]. The detection of low concentration of
this biomolecule would enable an early stage diagno-
sis of the disease. In this work we prove the possi-
bility to exploits LIQUISOR methodology employing
DNA aptamers functionalized gold NRs for the selec-
tive detection of MnSOD, reaching sensitivity levels
in the nanomolar range.

Materials and Methods

Nanorods and chemicals

Commercial gold nanorods (30 nm diameter, 50 nm
length) are purchased from Nanopartz and used as re-
ceived. They are dispersed in deionized (DI) water at
a concentration of 0.05 mg/ml; the solution contains
< 0.1% ascorbic acid and< 0.1% Cetyltrimethy-
lammonium bromide (CTAB) surfactant preventing
spontaneous re-aggregation. The solution varies be-
tween pH = 3-4. Human manganese superoxide dis-
mutase (MnSOD) was provided by Abfrontier and it
was dissolved in Phosphate Bu"ered Saline (PBS)
solution. PBS tablets were purchase from Sigma-
Aldrich and dissolved in high puriÞed DI water at
the concentration of 10 mM and pH 7.2. Hemoglobin
was purchased from Sigma-Aldrich. Thiolated DNA
aptamer properly designed for MnSOD capture were
provided by Prof. de la Chapelle.

Nanorods functionalization and sample
preparation

DNA aptamers were diluted in PBS 10mM at the Þ-
nal concentration of 2 µM. The solution was further
mixed with NRs (2:1 v/v). NRs were diluted in DI
water (1:5 v/v) before mixing with DNA. The incu-

bation time for the functionalization was 1h. Due
to the high a!nity between the thiol group of the
DNA strand and the gold surface of NRs, the func-
tionalization process takes advantage of ligand ex-
change mechanisms [31] that enables the substitution
of CTAB molecules with thiolated DNA aptamers.
Finally MnSOD was diluted in PBS down to 4.5 nM
and mixed with the functionalized NRs in a volume
ratio of 2:3 v/v. In order to allow the interaction be-
tween the protein and the DNA aptamers with the
consequent formation of the BIO-NRCs, we let the
system incubate for 2h. All the solutions are pre-
pared and used at room temperature.

Experimental setup

Figure 1: Detection scheme of the LIQUISOR. Mixed so-
lution of functionalized NRs with MnSOD is pipetted in-
side the glass microcell (a). Laser beam is focused on a
micron scale spot in liquid (b), close to the bottom of the
microcell in order to foster the BIO-NRCs accumulation
with the consequent formation of a SERS active aggre-
gate whose hot-spots are Þlled with DNA aptamer and
protein(c).

The LIQUISOR detection is carried out with an
Xplora microspectrometer (Horiba Jobin Yvon)
equipped with a 660 nm excitation laser. The laser
beam is focused by means of a 60X (NA = 0.7, WD =
1.5 mm) microscope working in a straight conÞgura-
tion. The laser power on the sample is 1.8-17.0 mW,
enough to apply a su!cient radiation pressure on the
nanorods for process activation. About 15µL of the
biomolecule-NRs solution is pipetted into a glass mi-
crocell consisting made of a bi-adhesive spacer 120
µm thick attached on a glass slide and sealed with a
glass coverslip 170µm thick (Figure 1a). The SERS
signal is collected via the same illumination objec-
tive, in backscattering, dispersed by a 1200 l/mm
grating and detected through a Peltier-cooled silicon
CCD. Spectra are typically acquired with integration
times from seconds to tens of seconds. Operation of
the LIQUISOR is carried out by focusing the laser
spot inside the microcell, in proximity of the bottom
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