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The efficient detection of low-energy X-rays at the keV level with the best
possible energy resolution requires the application of silicon drift detectors
(SDDs) and advanced application specific integrated circuits (ASICs). Their
widespread use in material sciences, alongside dedicated basic science
projects, has long been restricted to single, selected SDD elements working at
low temperatures. This is because of the limits incurring in the quite elaborated
planar technology production process and the need to reach very low leakage
current levels, together with the need for highly specialized readout electronics.
We describe, in this review work, the concrete outcomes of the efforts of the
ReDSoX collaboration to develop high energy resolution detection systems
working at near room temperature based on multi-pixel monolithic silicon
drift detectors and custom-designed advanced readout electronics capable of
dealing with high photon fluxes, developed for specific projects but suitable for a
variety of applications.
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1 Introduction

The detection of the total energy released within a detector, as
needed for low-energy X-ray spectroscopy and spectral X-ray
imaging, or the detection of the differential energy released
within the detector by passing particles, which is primarily used
for particle identification, tracking, and calorimetry, roughly define
the fields of application of silicon detectors. The optimal features of
the detectors are directly impacted by the differences in the
requirements of those two application directions. This includes
thickness, total area, electrode layout, segmentation, total active
volume, and charge carrier collection mechanism. Because of its
versatility, since its invention almost 40 years ago by E. Gatti and P.
Rehak (Gatti and Rehak, 1984; Rehak et al., 1986), the SDD, which
uses particular sideward depletion properties in the silicon bulk,
allowing to realize precisely defined potentials and control the signal
charge drift toward very low capacitance collection anodes, has
found a variety of applications in both particle and X-ray detection
(Guazzoni, 2010). Building on the progressive development of the
planar production technology for silicon detectors, which was
initially invented by J. Kemmer (Kemmer et al, 1982), and
subsequently P. Burger (Rashevsky et al., 2002), in recent years, it
has been possible to achieve the quality levels needed for ideal
spectroscopic performance at near room temperature (Bertuccio
et al., 2016; FBK). The recent SDD detector development took two
distinct directions; the unique capability to unambiguously resolve
the two coordinates of the particle impact point in the presence of
high track multiplicity was successfully applied (Gatti et al., 1988;
Vacchi et al., 1993). This gave rise to the development of large-area
silicon drift detector (LASDD), often exploiting the whole usable
area of the high-resistivity silicon wafer, allowing for large-scale
applications of SDD at accelerators as, for instance, is described in
Piemonte et al. (2006), Rashevsky et al. (2001), Bonvicini et al.
(2000), Alessandro et al. (2010), and Gatti and Rehak (2005). As a
consequence of the achieved energy resolution for low-energy
X-rays, which is due to the highly refined detector design and
the quality of the production technology (Zampa et al, 2007;
Zampa et al., 2011), the LASDD was subsequently also proposed
to be applied in ongoing space missions (Feroci et al., 2012), and
those are at present in their realization phase (Zhang et al., 2016;
Zhang et al., 2019; Wilson-Hodge et al., 2017). This progression is
illustrated in some detail in Vacchi (2023). Given the possibility to
use silicon bulk thicknesses ranging from approximately a hundred
microns to a millimeter, SDDs can have a significant X-ray detection
efficiency. To maintain noise from leakage current at a level
compatible with the best possible energy resolution, it is essential
to employ selected specialized SDD with an area smaller than a few
tens of square millimeters. SDD-based detectors can maintain high
efficiency in the presence of high flux while achieving optimum
energy resolution for X-ray photons in the 1-30 keV range. In this
highly
preamplifiers have been developed to make full use of the low

scenario, sophisticated, low-noise, charge-sensitive
leakage current allowed by the production technology and SDD’s
low collecting anode capacitance (O’Connor et al., 1997; Bertuccio
and Caccia, 2007; Bombelli et al., 2011; Bertuccio et al., 2014;
Bertuccio et al,, 2024; Bertuccio et al., 2016). To overcome the
initial bottleneck for such detectors, namely, the small area, various

attempts have been made to investigate the possible uses of
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monolithic multi-pixel silicon drift detectors (Fiorini et al., 2006;
Fiorini and Longoni, 2003; Rehak et al., 2010; Rachevski et al., 2013;
Alberti et al., 2007), with integrated FET (Niculae et al., 2006;
Gauthier et al., 1996), and more recently (Gugiatti et al.,, 2022;
Quaglia et al., 2016). The widespread practical use of these detection
systems out of a basic research context appeared initially prohibitive,
mainly because of the expected low production yield and the
consequent costs. A concurrent evolution of sophisticated
integrated CMOS front-end systems (Ahangarianabhari et al,
2014; Bertuccio et al.,, 2016), tailored to each application and of
the planar process (FBK, 2015), has allowed to launch a collaborative
effort merging the research and application requirements born in
apparently distant fields driven by the objective of reaching frontier
performances of SDD systems. We will describe some applications
of monolithic array of silicon drift detectors (MASDDs) in the
following sections. Section 2 introduces a few basic tools on the
working principle and design aspects for SDD dedicated to high-
energy resolution X-ray detection. Section 3 covers the solutions
proposed to some of the most demanding issues posed by the users
of two synchrotron radiation source beamlines. Here, along with the
high-energy resolution and sensitivity down to approximately
100 eV, the solid angle coverage of the sample surroundings and
the acquisition speed are the factors that contribute to the
operational efficiency. Section 4 presents two astrophysics-
dedicated developments where MASDD detectors open ways to
new observational capabilities. Section 5 is a synthetic summary of
the ASIC CMOS electronics that have been designed for the different
MASDD-based instruments described in this work.

2 SDD pixels dedicated to high energy
resolution X-ray detection:
basic elements

Recalling some aspects of the silicon detectors’ working
principles is helpful for reading the following text, even though
a thorough explanation of the aspects underlying a reversely biased
p-n junction is outside the scope of this work given the abundance
of specialized literature available [see, for instance (Lutz, 2007)].
The architecture of the electrodes, hence of the biased junctions, on
the SDD detector surface must allow efficient depletion of the
entire silicon bulk volume from the majority carriers and establish
at the same time the electric-field shape needed to impose on the
incoming radiation’s generated charge the drift toward the charge-
collecting electrodes. Depletion voltage Vp is the minimum
voltage, brought through the biasing junctions, at which the
bulk of the silicon sensor is fully depleted from the free charge
carriers. Bias voltage Vg needed to obtain the complete expansion
of the space charge region W and to reach full depletion depends
and on the

on the characteristics resistivity p of the

semiconductor material,
W = 12ppe (Vpi + V),

where p is the mobility of the majority charge carriers, electrons in

case of an n type bulk, approximately 1,450 cm*/Vs @ 300K.

p is the resistivity of the n type material, which is a function of
the doping concentration.
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_ 1
p= a#-Ness
concentration.

is 1-10 kQ-cm; Ny is the effective doping

¢ is the semiconductor dielectric constant, for Si 11,9 &,,.

Vi is the built in potential (approximately 0.7 V in case of high
resistivity bulk material).

V3 is the externally applied reverse bias voltage.

In a typical silicon detector p-n junction, the effective doping
concentration is Ng = 10"* cm™ in the n" bulk and N, = 10"* cm™ in
the p* region; hence, for a typical Si p-n junction, N, >> Ny. The
higher the silicon bulk resistivity, the lower the doping
concentration and the needed bias voltage to reach full depletion
Vi4; the operating voltage is usually chosen to be slightly higher.

d2
Vii + Vi = m,

while the detector capacitance is

S ——
2pp (Vi + Vi)

where d is the detector thickness and A is its surface. Most used
detectors are built on n-type silicon bulk. The absorbed radiation in
the depleted silicon volume generates electron-hole pairs, and, in
the presence of the electric field, the charges separate and drift
toward the surface electrodes. The drift time that depends on the
carrier’s mobility and the field is of the order of a few tens of
nanoseconds depending on the path length. This drifting charge
generates the signal current at the collecting electrodes. A crucial
parameter is the reverse current (leakage current). This current,
determined by the production technology, the quality of the silicon
wafers, and the detector design, is dominated by thermally generated
e'h* pairs. Designing a detector turns out to be finding the optimal
shape of the potential distribution in the depleted semiconductor
volume, depicted as a homogeneous distribution of positive charges,
to obtain a complete fast and efficient charge collection, while
minimizing the electric field at the edges of the various biasing
structures. The potential distribution within the silicon bulk,
determined by its resistivity, can be evaluated through Poisson’s
equation V2V = —p/e, which relates the second derivative of the
potential to the local charge density. As said, the fully depleted
n-doped silicon bulk is a volume with a homogeneous distribution of
charge, the resistivity or charge density of which depends on the level
of doping Ng. The potential is directly related to the charge density
as with the electric field, E = —VV. Electrons and holes will drift
along the field lines with an average speed v = yE, where p is the
carrier mobility (for holes it is approximately 1/3 of , ). The charge
Nq collected at the contacts is proportional to the energy E released
by the incident radiation, Ng = e%q, where € ~3.6 eV is the average
energy required to produce an electron-hole pair in Si and q = 1.6 x
107" Coulomb is the elementary charge. The signal charges
generated by particles or photons within the depleted silicon bulk
will unavoidably be convoluted with the leakage current generated in
this same volume. The leakage current scales with the temperature.
Given the approximately exponential relation between leakage
current and temperature (as a rule of thumb, the current
increases approximately by a factor two for a 7 degree increase in
temperature), working at low temperatures is advisable in order to
minimize the leakage current and improve the SNR. The drift
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velocity v is proportional to the electric field E and the electron
mobility .

v=u.E

The charge collection mechanism through anodes of minimal
surface grants the best possible energy resolution and makes the
SDD the detector of choice for spectroscopy applications. In the
detector, the clouds of electrons and of holes generated by ionization
drift in opposite directions following the electric field lines. The
holes are collected on the surface cathodes while the electrons are
focused and drift toward the anode. Because of the charge cloud
diffusion mechanism, the size of the electron cloud increases with
time or, equivalently, with the total drift distance as

kT kT
0=+/2Dt+ 02 = \jz%p%mg = \/zéxmg,

where D is the diffusion coefficient, kg is the Boltzmann’s constant,

is the electron mobility, T is the absolute temperature, t is the drift
time and x is the drift length, and o, is the width of the initial
distribution. The diffusion in the depleted silicon bulk causes the
electron cloud to expand by a factor depending on the square root of
the drift time. The charge distribution collected at the anodes then
depends on the potential distribution and on the X-ray absorption
point in the detector.

2.1 SDD pixel structure

A variety of SDD pixel detectors structured in very different
geometries have been designed; it is an extremely ductile detection
method that can be tailored to the needs of every specific application.
The simulation drafting in Figure 1 provides the details of generic
SDD pixels; the detector’s volume has p* cathode structures on both
faces of the detector, while the collecting n* anodes are on one face
(n-side). This allows, once reaching the full depletion of the bulk, for
the focusing potential to direct the electrons toward the
collecting anode.

The main building blocks of the SDD pixel detector in Figure 1
are as follows:

- Drift region: by means of a series of p* cathodes implanted on
the back structured face of the detector, biased through an
implanted divider that provides a potential degrading toward
the anodes, and a continuous p* cathode on the other side
serving as the entrance window, a drift field is established
within the silicon bulk, which channels the majority carriers
(electrons) toward the small area readout n* anode of the SDD.
The drift cathodes’ pitch and the SiO, gap between adjacent
junctions are determined through simulations according to the
specific characteristics of the detector. The biasing system of
cathodes is an integrated voltage divider and is based on a
lightly doped p-implant in silicon.

- Collection zone: the field lines point toward the collecting
anode whose area is the smallest compatible with the need to
establish a contact toward the readout electronics; this depends
on the bonding technology used. An optimized minimal anode
area, and hence low readout capacitance (few tens of Femto
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FIGURE 1

Field lines and potential direction in an SDD pixel cross-section, the bulk is n type, the thickness is 450 pm, and the total diameter 4,000 pm.
Represented in the simulation reported in this figure is one-half of the detector from the edge to the central axis where the collecting n* anode is
positioned (Espacenet, 2025). The black arrow indicates the direction of the field leading the electrons toward the collection anode. The drift region active
area (greenish) and the edge structure (reddish) are highlighted in this image. The description of the various elements is in the text.

Farad), means the best possible coupling to the front-end
electronics.

- Entrance window is a homogeneous shallow p* implant used
to minimize volume near the surface where the detection
efficiency might be reduced. The high efficiency of the
detector depends on the characteristics of this implant.

- Field control and guard region non-active volume: the drift
cathode arrays are flanked by p* implants (guard rings) having
the function to degrade the potential from the highest negative
voltages to the ground voltages. Through an accurate design of
the guard and drift cathodes, the active volume and the
detection efficiency can be optimized (Espacenet, 2025). The
effective sensitive area is normally screened by a dedicated
collimator used to define the active area and minimize the
number of events in which the generated charge is shared
between the non-active region and the active region.

The 3D potential distribution of a generic SDD pixel is drafted in
Figure 2. As we have seen, in SDD devices, reversely biased implants
are on both the detectors’ faces, allowing in this way to realize a
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potential distribution that, by depleting the entire volume, also
provides for the focusing of the charge carriers at the single,
small-area n* implant, the collection anode (Figure 2A). The
resulting potential distribution, seen in three dimensions, is
funnel-shaped (Figure 2B), which forces the electrons generated
by the ionizing radiation toward the extremely low capacitance
anode (less than 0.1 pF), (Figure 2C). The path to the best possible
detector for low-energy X-ray spectroscopy is indicated by the pixel
SDD’s unbeatable low capacitance of less than 0.1 pF and the
advancement of the planar production technology of the
detector. The very small capacitance of the SDD’s anode reduces
the contribution of the system series noise and allows reduction of
the optimum shaping time so that the contribution of the parallel
white noise, arising from the detector current, is reduced as well.
Because of the shorter shaping time, low-noise operation at high
photon flux can be obtained. This leads to training the production
process toward leakage current levels down to a fraction of nA/cm*
at room temperature. SDD pixels have been obtained from low
leakage current processes, with areas from tens of mm?® to cm?, and
when coupled to custom-designed front-end electronics (FEE), an
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FIGURE 2

Relevant characteristics of a single-pixel SDD: (A) cross-section showing the distribution of the drift field in an SDD pixel 2D simulation; the upper
edge is the thin radiation entrance window, and the lower edge shows the back window with the drift cathodes bias structure that surrounds the n*
collecting anode. The device is powered with a potential that reduces, in absolute value, from the outside toward the center. The outermost cathode is
the one powered with the highest potential (in absolute value). At the edge, the field is defined by the guard structure. (B) Three-dimensional
simulation cross-section of the potential distribution indicating the funnel field shape that, by depleting the entire volume, also provides for the focusing
of the charge carriers at the n* implant of the collecting anode. (C) Backside (anode or n side) structures of three different SDD pixel shapes among the
possible solutions: visible are the anode, the drift cathode structure, and the guard region structure.

energy resolution better than 130 eV FWHM @ 5.9 keV at room
temperature can be reached (Bertuccio et al,, 2016). Figure 3 shows
the results from a detector realized on 150-mm diameter n-type,
floating zone silicon wafer (100) crystal orientation and 450 pm
thickness. Developed at FBK (FBK, 2015), this hexagonal SDD with
an active area of 13 mm?” is realized with a technological process
aimed to minimize the dark current. This technology sets a new state
of the art lowering the current density at room temperature.
Custom-designed CMOS front-end systems for high-resolution
X-ray spectroscopy can be optimized to every spectroscopic
application requiring pixelized SDD systems (Mele et al., 2021a;
Mele et al,, 2021b). Renouncing to integrate parts of the front end on
the detector itself, becoming completely dependent on the external
ASIC, differently from what has been performed in other solutions,
is a weighted choice that requires an explanation. It means having to
face the problem of the inadequate coupling between the anode and
the first stage of the preamplifier. The positive aspect is that the two
separate technologies, of the detectors and of the VLSI electronics
designs, can be managed without having to mediate between quite
elaborate technologies, resulting in rather practical and less costly
final solutions. In addition to this, the performance of the transistors
in the ASIC is much better than what can be achieved with detector

Frontiers in Detector Science and Technology

technology. This (over) compensates for the higher capacitance at
the preamplifier input.

The attainment of these outcomes was enabled by parallel
research efforts linked to
(Espacenet, 2025), advanced design of CMOS charge-sensitive
preamplifiers (Bertuccio and Caccia, 2007; Bertuccio et al., 2014;
Bertuccio et al,, 2016), and manufacturing technology (FBK, 2015).
The latter aspect has enabled the reduction of the reverse current

enhanced detector simulation

density of p-n junctions at very low levels (anode current density
down to 25 pA/cm® at room temperature). The energy resolution
measured at 20°C of 136 eV FWHM at 5.9 keV, shown in Figure 3 is
the best result ever obtained at room temperature by a detector of a
similar active area. This opens new avenues for the technological
implementation and applications of monolithic multi-pixel SDD-
based X-ray spectrometers able to overcome the fundamental
limitation of the available spectroscopic single-pixel SDDs, the
small sensitive area. Figure 4 shows a variety of different
MASDDs designs and test structures present in a multi-project
wafer; some of those designs that have reached a final successful
application are described as follows. When considering monolithic
multi-pixel architectures, the ratio active/non-active volume of
single elements is important to eventually allow for tiling on
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https://www.frontiersin.org/journals/detector-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/fdest.2025.1551757

Agostini et al.

10.3389/fdest.2025.1551757

1600 T T T T
SDD 13 mm? ; 5.9keV s5Fg
a ) Preamp. SIRIO 3G T = 420°C
1200 - ENC=74e-rms. |
(64 eV FWHM)
@ Toeak = 1.4 s
S sool 136 eV FWHM ]
Q - -
&)
6.49 keV
400 - ; .
0 e 1 1
5.0 55 6.0 6.5 7.1
Energy (keV)
c)
FIGURE 3

3500 T T T !
b) SDD 13 mm? 4 5.9keV S5Fg
3000 p 2 1
reamp. SIRIO 3G 1 T =.28°C
ENC=33e-r.ms. IR
2500 | (29 oV FWHM) I )l
I &
Toeac = 19.2 s
£ 2000 " f i 1
5 || 123.7 eV FWHM
8 1500} T 1
| !
1000 - tol 6.49 keV -
[ A
500 I 5 1
i ) S Mt
50 55 6.0 6.5 7.0
Energy (keV)

Characterization using a 55 Fe source of an X-ray spectroscopic system constituted by an SDD pixel manufactured by FBK (active area of 13 mm?)

and a custom-designed CMOS integrated preamplifier, demonstrating the very high-energy resolution obtained by operating at room temperature. (A)
Spectrum acquired at 20°C and at optimum peaking time (1.4 ps). The pulser line width is 64 eV FWHM, corresponding to 7.4 electrons RMS (root mean
square). (B) Spectrum acquired at —28°C and at the optimum peaking time (19.2 ps). (C) Examples of silicon drift chambers with single-cell or matrix
structures, developed by the REDSOX collaboration; the detector in the center is the one from which the results in the top panel were obtained.

larger sensitive surfaces; this topic has been the focus of
investigations; see, for example, (Castoldi et al., 2016; Cirrincione
et al, 2019).

2.2 Quantum efficiency

The discussion about the quantum efficiency in the frame of
low-energy X-ray spectroscopy is very much bound to the
applicative context since the aspects to be considered are
purely related to the detector in terms of the thickness of the
bulk, to the quality of the entrance window, and to the capability
to extract the signal from the noise. This points directly to the
quality of the planar technology employed, the detector design,
and crucially to the quality of the electronics. Through the
photoelectric effect, X-rays are transformed into electron-hole
pairs in the silicon material that makes up the sensor. The
externally applied bias voltage causes the produced charge
carriers to drift in the direction of the anodes, generating the
electrical signal that the readout electronics processes. Some of
the signal is lost because of the recombination of the charge
carriers, particularly in the passive layers, whose thickness must
be minimized. The likelihood of detecting an incident photon is
the definition of a sensor’s quantum efficiency for X-ray detection
Figure 5; this is a function of the photon energy.
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The quantum efficiency at very low energy is related to the
materials of the layers that the radiation must cross before reaching
the sensitive bulk of the detector. A thin protective passivation layer
and approximately 1 pm of mostly undepleted p-n junction
thickness, which has a very poor charge collection efficiency,
normally forms the entrance window where photons hit the
detector. For X-ray energies below 2 keV, the detection efficiency
declines as more photons are absorbed in the ineffective entrance
window. For a deeper insight, see, for instance (Carulla et al., 2024).
For the high end of the energy range, the thickness of the silicon bulk
turns out to be a problem; silicon sensors 1 mm thick are almost
transparent at photon energy greater than 20 keV. To expand the
energy range of sensitivity, the X gamma spectrometer is used, which
is introduced in paragraph 3.5.

2.3 Radiation damage

The radiation damage aspects would require a detailed analysis
for each specific application planned for the MASDD. There are two
types of radiation damage mechanisms in silicon detectors: bulk
displacement damage due to non-ionizing energy loss and surface
damage due to the energy deposited because of ionization damaging
the silicon surfaces and Si-SiO, interfaces. The displacement
damage caused by charged and neutral particles in the silicon
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FIGURE 4
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Detectors resulting from a multi-project wafer dedicated to designing monolithic multi-pixel SDD. Visible are MASDD linear structures with eight
SDD pixels with different areas and trapezoidal structures with eight cells. The big central detector is an array of 3 x 3 SDD, each 1 cm? in size. Those will be

subject to a more detailed description in what follows.
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FIGURE 5
Estimated quantum efficiency of the front illuminated

MASDD detectors.

bulk may increase the leakage current. According to the kind and
energy of the impacting particles, the displacement damage is
linearly proportional to the incident fluence and to the hardness
factor. This is evaluated in Lindstrom (2003). For systems used in
astrophysics applications, where detectors must deal with protons
trapped in the Earth’s magnetic field at a flux that can be estimated
based on the different orbits, this aspect can be particularly sensitive.

Frontiers in Detector Science and Technology

SDDs have been characterized for this in various developments (Del
Monte et al,, 2014a; Monte et al., 2014b), even for the extreme
situation of collider experiments (Kushpil et al., 2006). As pointed
out previously, the crucial factor that may cause performance
degradation is the SDDs’ leakage current. This effect, which
impacts on the device use across various applications, should be
addressed at the very beginning of planning, taking into
consideration factors that can lessen this effect of radiation, like
the operating temperature.

3 MASDD in synchrotron light source
applications

An increasing number of synchrotron light sources are being
realized for use, among others, in the fields of soft X-ray
spectroscopy, absorption spectroscopy, and X-ray fluorescence
microscopy. These facilities deliver on dedicated beamlines a

!, Commercial SDDs

photon flux of the order of 10" photons s~
(area of approximately 100 mm?®) are the detectors of choice for
those applications. The sample’s element identification,
quantification, and mapping require the best possible energy
resolution together with a good position resolution and a speed
compatible with the beamline’s photon rates. Although there have
been many developments in detector technologies for X-ray
fluorescence (XRF) applications, there is still a need for custom-
tailored efficient, reliable, and yet affordable detector systems, and

that are highly effective for soft X-ray spectroscopy. We describe a
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FIGURE 6

(A) One appreciates the front and back sides of the eight cells MASDD; the total active area of the strip is 72 mm?. (B) The picture shows the multilayer

circuit designed to support and bias the detector and the SIRIO preamplifier ASIC. Visible is also the sensitive area of the detector. In the zoomed-in
square, the wire bonding from the detector’s anode to the preamplifier and the bias and service lines of the preamplifiers are evidenced. (C) Visible are the
eight MASDD strips already assembled to complete the 64-channel detecting system; this reaches a 576 mm? uncollimated sensitive area. Also

visible are parts of the temperature-stabilizing cooling system. (D) Here we see the complete assembled instrument positioned on the beamline facing
the sample exposed to the beam; the blue arrow indicates the 25 pm of the polyamide entrance window coated with 50 nm of Al. (E) Screenshot from the
FICUS acquisition and control software: simultaneous live acquisition of the 64 channels with the calibration sample (K, Ti, Mn, Zn, Br, and Zr). As one can

see, all channels are uniform in characteristics and performance.

multielement detector system based on low leakage current silicon
drift detectors coupled to wultra-low noise custom CMOS
preamplifiers, developed for synchrotron-based XRF. This system
helps shorten the data collection time at an energy resolution
comparable to that of single-element SDD. The sensitive area and
the quantity of sensitive elements are the two criteria that affect the
performance. At low flux, the count increases proportionally to the
sensitive area, while when the counting rate tends to saturate, the
ability to work at higher flows is proportional to the number of
sensitive elements. Additionally, a correction for the pileup and dead
time should be used to attain the best performance. From the
perspective of the beamline specialists themselves, it is evident
that a customized, state-of-the-art multi-pixel SDD that meets
the demands of solid angle coverage, speed, and energy
resolution is required. This will enable quick and precise
measurements as well as quick user turnover. This perspective
lies on the progressive potentials of the production technology,
making it possible to have high production yield and contained costs
to produce high-quality, larger-area devices. The goal is to build
detection systems with optimal energy resolution, large area
coverage, intrinsic position sensitivity, and the ability to sustain
high photon fluxes for X-ray spectroscopic imaging in the
0.1-20 keV energy range. It was natural to look for the
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possibility of constructing SDD monolithic arrays, MASDD, to
answer some of the most demanding questions posed by the
users of synchrotron radiation source beamlines.

3.1 XAFS MASDD study case

The project whose outcomes we will discuss here has been
centered on creating a modular detection system incorporating
monolithic multi-pixel SDD elements, Figures 6A, B. This
original MASDD detection system’s concept has been specifically
conceived and developed to fully meet the expectations of
experiments in the XAFS beamlines (Fabiani et al, 2016;
Cirrincione, 2019; Rachevski et al., 2019). The state-of-the-art
device that presently equips the XRF/XAFS beamlines of the
SESAME synchrotron (Jordan) and of ELETTRA Sincrotrone
Trieste (Italy) was progressively developed by effecting a
collaboration between INFN-Trieste, FBK Foundation Trento, the
Polytechnic di Milano, and ELETTRA Sincrotrone Trieste
(Figure 6). This instrument has reached unique characteristics
that have been addressed by the requirements proposed by
beamline scientists, Figures 6C, D). It is optimized for and
largely integrated with the beamline for which it has been
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FIGURE 7

Top panel left, energy resolution versus peaking time at room temperature (red line) and for the cooled detector (blue line) with an average
temperature of the sensors of 26°C and of 6°C, respectively; top panel right, acquisition screenshot of data collected from the 64 channels aligned at
room temperature (27°C) with a peaking time of 1.45 ps; bottom panel on the left, XRF spectrum (sum signal of the 64 aligned channels) of the

C20 sample: the fluorescence intensities are shown in log-scale, the Fe, Mn,

and Cr Ka fluorescence signals are emphasized in color. On the right is

shown the Table with the concentrations (in ppm) of Fe, Mn, and Cr in the investigated samples. Uncertainties are reported in parentheses.

designed. This system consists of eight monolithic multipixel arrays,
each comprising eight SDD cells with dimensions of 3 x 3 mm®.

This 64-channel modular detection system features a large total
collection area of 500 mm®. It can operate with low dead time and a
high count rate. At near room temperature, it presents an energy
resolution integrated on all 64 channels at the Mn 5.9 keV K, line
below 170 eV FWHM, (Figure 6E).

Each sensor element is a strip made on n-type, 450-pm-thick
silicon with a resistivity of 9 kQcm containing eight SDD elements.
The entrance window is a shallow implant p* common to all eight
cells; this enables optimal sensitivity down to a few hundreds of eV.
The back side carries the decreasingly negatively biased p* electrodes
(drift cathodes); the common bias voltage is applied to the outermost
drift cathode that separates the cells. The innermost cathode near the
center of each SDD cell is kept at the lowest negative potential, and
the read-out anode is placed at the center. The entrance window is
biased to optimize the full depletion of the bulk and to ensure an
effective charge collection. The whole sensitive area is surrounded,
both on the back and the front sides, by several floating p* rings
(guard cathodes) needed to scale the bias voltage to the ground
potential. Each readout anode features an average leakage current
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below 100 pA/cm? at 20°C and a capacitance of approximately 40 fF.
To eliminate the effects of charge splitting at the edges, a 127-um-
thick tungsten collimator defines the entrance window; the resulting
collimated sensitive area is 500 mm? (Cirrincione et al,, 2023). A
custom-built ultra-low-noise charge-sensitive amplifier (CSA), the
SIRIO-6 targets a high resolution at sub-microsecond peaking times,
fostering a reduction in the system dead-time and thus increasing
the overall output count rate. The SIRIO version designed for this
detection system is characterized by a dynamic range of
approximately 250 keV and a conversion gain of = 1.6 mV/keV
and, under optimal test conditions, can reach an intrinsic equivalent
noise charge of 3.2 electrons rms at room temperature (Mele et al.,
2021a). The preamplifier operates in the pulsed reset mode, with
reset signals and test signals for the CSAs being distributed to all
eight channels of the strip. The preamplifiers are diced in triplets,
allowing a quick and easy backup replacement in case of
malfunctions due to accidental damage during the mounting
process, representing a compact footprint of 1.8 x 0.7 mm?. The
CSAs are connected to a board that provides both signal
conditioning and configurable analog pre-shaping, as well as
service signals and power supplies. This board is then connected
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Count rates as defined in the text are reported in this graph, the black reference curve 2.5Rg is obtained with an ionization chamber which estimates

the incoming rate ICR. The orange points represent the rate of events in the live time of the detector. The other two curves are obtained with a progressive
elimination of the pile-up events, and the cyan shaded area corresponds to the fraction of pileup counts that are not rejected due to the dead time of the
trigger system. Gray arrows highlight the maximum ICR count rate for the different OCR curves.

to the back-end printed circuit board (PCB), which hosts an 8-channel,
12-bit ADC and an FPGA for the data processing and control. Each of
these multi-pixel MASDD elements, once integrated, can be assembled in
turn to compose larger matrixes. The arrays are highly integrated for all
practical aspects such as temperature management and stability, digital
filtering, and back-end electronics. After the digital processing, the data
are transmitted by an Ethernet adapter to a computer-running custom-
developed software for control and acquisition. The detector was
subjected to laboratory and beamline tests using standard samples.
Figure 6E shows the uniformity of behavior between the detector
cells, whose sum signal is used for the final output spectra (Vacchi
et al, 2022; Carlomagno et al, 2021). Figure 7 (top panel left) shows the
energy resolution (FWHM) for the Mn K, emission line at 5.9 keV as a
function of peaking time. There is little difference between the room
temperature operation (red line) and the lightly cooled detector (blue
line), indicating the effectiveness of the temperature stabilization
throughout the system and the remarkably low noise level related to
the SDD leakage current.

The particular in Figure 7 top panel right shows a screenshot of
the calibration sample (signal sum of 64 channels aligned) acquired
at room temperature and with a peaking time of 1.45 ps, while the
performance of the system is evidenced in the analysis of a scientific
sample of known composition by type and quantity of elements
(bottom panel). The XRF spectrum shows the evidence of spectral
lines due to traces of elements present down to approximately
3 ppm. The specialized LabView-based acquisition software is
fully incorporated into the beamline’s control system for data
it facilitates the control, calibration, and

collection, and

monitoring of instrumental performances.

3.2 Rate and flux

To confirm the reconstruction of the incident flux, or ICR
incident counting rate, on the single 9-mm? SDD cell, several
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measurements were made, starting from the live time counts of
the detector, which are here referred to as the output count rate
(OCR). A graph derived from the analysis of the data collected on
the XAFS beam line at the Elettra Sincrotrone Trieste using the most
recent detector version is shown in Figure 8. The fluorescence of a
copper sample exposed to a 9-keV photon beam at various
intensities was measured. A fast filter (rise time of 700 ns and
flat top of 100 ns) is used to collect the data. Although the results
from one of the detector’s central cells are shown in the figure, all
other SDD cells produce results that are comparable. A linear
function of the beam intensity, as determined through the
ionization chamber, Rg, of the XAFS line (the black line in the
plot indicated as 2.5 Rp), serves as a guide in the visual estimation of
the ICR reconstruction quality. To make reading easier, lines are
drawn connecting the points that represent the different
measurements (the statistical error bars are too small to be
shown). Because of the way in which it has been defined here,
the OCR (yellow curve) contains also the piled-up events. The
spectrum count rate (SCR) green curve in Figure 8 shows the
count rate after the pileup rejection operated by the detector
still
contaminated by the pileup due to the dead time of the trigger

acquisition system. The spectrum so obtained is
system. Since the residual pileup is due to closely spaced events, in
these measurements, it is easy to select only the clean counts
represented by the red curve in Figure 8. The cyan shaded area
corresponds to the pileup events that cannot be detected by the
detector trigger system. In the table, we summarize the maximum
counts obtainable from a single SDD cell in the different conditions.

According to those results, this detector can easily face high
photon rates and reduce the required measurement time by at least
an order of magnitude when compared to commercial detectors. It
does this by integrating eight MASDD arrays, each of which has
eight SDD pixel elements equipped with specially developed
electronics; the whole is engineered in a fully integrated system.

The dead time and pileup corrections implemented in the detector
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FIGURE 9

(A) displays the 8-cell MASDD's specially designed shape. (B) Multi-channel spectra acquired with one monolithic SDD array composed of eight
squared pixels with the 55Fe calibration source. In panel (C), the detectors deployed at the TwinMic facility at Elettra Synchrotron in Trieste. Visible is the
entrance window of the four detectors, covering a large fraction of the solid angle. The detectors are inclined to minimize the material crossed by the
lowest-energy X-rays. (D) shows the reconstructed spectrum and composition of a soybean root sample obtained from a single trapezoidal

detector channel at 6.5°C.

read-out system allow compensating for the loss of events they cause
in such a way that the data acquired by the 64 SDD cells can be
combined easily. In this way, the detector behaves equivalently to a
large single-sensor device.

3.3 LEXRF MASDD study case

A crucial technique for materials whose composition is
dominated by light components is low-energy X-ray fluorescence,
or LEXRF. The goal is to detect fluorescence photons of light
elements like carbon (277 eV), hence operating at energies lower
than 2 keV. This needs detectors with thin entrance windows, in-
vacuum operations to prevent in-air photon absorption, and a
photon incidence angle close to 90° to reduce the absorption by
passive layers and coatings.

It is important to cover a significant portion of the solid angle
around the sample because of the low fluorescence yield of light
elements. Additionally, to differentiate in the energy spectra
elements with near emission lines, the detection system’s energy
resolution needs to be near the Fano limit (Fano, 1947). Silicon drift
devices in a multi-element structure are the best option for
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applications that call for large solid-angle coverage and a high
energy resolution. An MASDD-based solution offers several
advantages: a lower anode leakage current is guaranteed by
smaller-volume individual elements, and a multi-element
structure reduces event loss due to pile-ups by enabling better
efficiency at higher photon flux. Furthermore, using a mosaic of
customized components to span a significant percentage of the solid
angle makes it simple to establish suitable geometries for a specific
experimental setting. A system made up of four monolithic multi-
element silicon MASDD drift detectors has been built to provide all
these characteristics (see Figures 9A, B).

This detection system is especially designed for TwinMic
beamline at ELETTRA Sincrotrone Trieste that provides a
photon beam with an energy below 2.2 keV (Gianoncelli et al,
2016a; Gianoncelli et al,, 2016b). Four monolithic SDD arrays
covering a total non-collimated active area of 1,232 mm* and a
total collimated active area of 1,113 mm? are used in this new system.
Each trapezoidal-shaped sensor is composed of eight square SDD
cells of 6.2 x 6.2 mm?®. The focused synchrotron beam exits from the
center of the detector system and hits the specimen placed just in
front of the detectors, as illustrated in Figure 9C. The only option to

provide broad solid-angle coverage and an optimal incidence angle
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while maintaining an adequate quantum efficiency is by using
MASDDs. The large area coverage and the incidence angle on
each sensor element have been tuned to the optimal ones by
using four different detector units. On top of this, the multi-
element SDD solution reduces the leakage current on each single
anode; this, when used with ultra-low noise preamplifiers, facilitates
the achievement of an energy resolution near the Fano limit (Fano,
1947). This total efficiency, enabling the best use of the beamtime,
could not be achieved with the use of individual SDD pixel sensors.
This, because beamlines with XRF capabilities can be so flexible and
multipurpose, effectively means that a detector should be developed
specifically for each experimental station. The versatility of MASDD
seems to indicate the way to go. The energy range covered by Elettra
Sincrotrone Trieste’s TwinMic beamline is 400-2,200 eV. The
TwinMic microscope integrates scanning X-ray microscopy and
full-field imaging into one device, enabling X-ray imaging for
dynamic studies, morphological characterization, and Spectro
microscopic analysis with sample mapping and chemical element
identification.

The mapping of light elements such as C, N, O, Mg, and Na is
made possible by use of vacuum-operated low-energy XRF (LEXRF)
instruments, which provide significant information for the
investigation of biological processes. One can see the system’s
low energy capabilities in Figure 9D, which shows the spectra
obtained by a single channel of the trapezoidal MASDD. The
final detecting system for TwinMic beamline is still being
finalized and optimized. The TwinMic Elettra beamline proved
the novel detection system’s potential and suitability for common
LEXRF applications. A set of measurements made with the new
detector system was analyzed to exploit the angular dependence of
XREF detection to carry out the topographical study of the specimen,
reaching quite interesting results (Kourousias et al., 2019).

4 MASDD detectors, new observational
capabilities in astrophysics

The development outlined previously naturally leads to building
even more compact SDD multipixel structures and to look for
applications elsewhere in science, for example, in the field of
high-energy astronomy. X-ray charge coupled devices (CCDs)
have shown excellent spatial and spectral performances, thanks
to their very small pixels that share the same readout circuitry,
resulting in extremely low output capacitance and a high signal-to-
noise ratio. However, CCDs are not suited for high-throughput
timing studies nor for observations of high-flux sources since they
may suffer from issues of dead time and pile-up (Ballet, 1999; Ballet,
2003) caused by them being image-integrating devices and by their
long readout times. Moreover, low operating temperatures (<-70°C)
(Strader et al., 2001; Turner et al., 2001; Meidinger et al., 2014) are
required to mitigate the accumulation of leakage current in the
pixels, which can be further reduced by employing smaller pixels,
with the consequence of even longer readout times and worse timing
performances (Herrmann et al, 2022). All the limitations
additionally imply a high power consumption, which is not ideal
for scenarios with limited resources, such as for satellite operations,
from where X-ray astronomy is performed. Finally, CCDs are
usually operational only in the 0.1-10 keV range. New-
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generation detectors such as depleted p-channel field effect
transistors (DEPFETSs) only solve a few of the issues of CCDs,
especially relatively to timing performances, by reaching excellent
energy resolutions and > 10 kHz frame rates at the expense of an
even higher power consumption (Kemmer et al., 1990; Lutz et al,
2001; Meidinger et al., 2014; Porro et al., 2012).

Silicon drift detectors are used to meet the demands of X-ray
astronomy, with the goal of creating pixelated devices with fast
response, asynchronous readout, and single-photon sensitivity. Such
a technology can be tailored to different operating energy ranges
(from < 1 keV to > 1 MeV), also with the coupling with other
detector technologies (e.g., scintillators). This allows SDDs to be
adapted to varied applications, from the focal plane of X-ray optics
to large field-of-view hard X-ray and y-ray monitors.

4.1 PixDD compact matrices of drift detector
pixels for X-ray imaging

A pixelized SDD-based structure cannot compete with the
spatial resolution of a CCD but, at the same time, can be
designed to be efficient for unreachable energy ranges of CCDs.
However, a 300-um pitch can already provide the necessary
oversampling of the typical point spread function of X-ray
concentrators (Okajima et al, 2016) and lobster-eye optics
(Mercier et al,, 2018), which then qualify as natural applicable
scenarios for this technology. The Pixelated Silicon Drift Detector
(PixDD) project aims to develop a low-energy (0.5-15 keV)
position-sensitive  high-throughput X-ray detection system
featuring single-photon sensitivity and nearly Fano-limited
spectral performances already at room temperature or with mild
cooling (150 eV resolution at 6 keV at 0°C) (Sammartini et al., 2020;

Evangelista et al., 2018).

4.2 The PixDD sensor design

The PixDD sensor design is based on the optimization of the
single pixel. Every pixel element is a miniature drift detector with
two p* cathodes surrounding a central circular n* anode. The
internal resistive divider is not required because the two cathodes
share contacts at the matrix edge. These two cathodes supply the
transversal field to provide uniform charge collection for all pixels,
even for those on the detector’s edges. An external n* guard ring is
present to collect charge carriers generated outside the matrix. On
the opposite side of the chip, a continuous shallow p* implant
constitutes the entrance window for X-rays, thus maximizing the
low energy efficiency (Bufon et al, 2019). Figure 10 outlines the
structure of the sensor.

This design must consider various limitations and fundamental
requirements, such as minimal power consumption and structural
simplicity to reduce pixel size for optimal imaging performance.
Small pixel size entails a reduction in the allowed transversal drift
field. Additionally, the pixel isolation as well as the punch-through
current threshold between the two drift cathodes are critical aspects.
Significant design and simulation effort was devoted to all aspects of
this device (Figure 11A). The efficiency for the peripheral cells is
optimized with a proper design and bias of the guard region
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FIGURE 10

In (A) spectrum of °°Fe and pulser acquired at 0 C at the peaking time of 5.6 ps. Acquired at +20 C and a peaking time of 2.4 us, the resolution
becomes 130 eV FWHM. (B) We see the design of the artist view of the mosaic structure of single drift elements with common biases. (C) Energy
resolution for the 15 working readout channels at 4.51 keV and its related equivalent noise charge (ENC) as a function of peaking time. (D) Final layout of
the 4 x 4, 500 x 500 um? SDD pixel detector and a photograph of the details of a corner of the same detector. The basic biasing structure of the
single drift element based on two concentric cathodes controlling the drift toward the central anode is also depicted.

surrounding the array; the width of this region needs to be at least
twice the detector thickness. The efficiency for low-energy X-rays
(interacting close to the entrance window) can be tailored by
adapting the bias configurations between the entrance window
and the cathodes (Figure 11B). The layout of the cathodes on the
anode side that induce the drift field in the bulk was arranged in a
way to maximize the punch-through current threshold between
them (Figure 11C). This allows using high transversal drift fields that
reduce the charge collection time. Simulations and measurements
on the produced samples showed that the punch-through threshold
ranges between 8 V and 15 V depending on the pixel size. Moreover,
experimental tests have confirmed that the drift field in each pixel
efficiently collects all the charges at the anode, allowing even the
peripheral cells to have a sensitive volume very close to the ideal one.

A 4 x 4 matrix prototype of 500 x 500 um? pixels was produced
on a 9 kQcm 450 um thick silicon wafer to test the detector design
described above (Figure 10). The noise characteristics of the PixDD,
coupled to an extremely low-noise readout electronics, were
thoroughly examined using an X-ray facility equipped with a
commercial Ti-anode X-ray tube and a custom collimation device
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to create a ~40 um FWHM X-ray spot on the detector surface. In
the 2-15 keV energy band, a flux of 7.0 x 10* counts cm?®-s™" was
applied to every PixDD pixel. An equivalent noise charge
between 7.0 and 8.7e,,, was measured at room temperature
for all pixels, at an optimum peaking time of 1.8 us (Evangelista
et al, 2018). Further temperature tests yielded an energy
resolution of 125.5 eV at 5.9 keV at 0 deg with a 5.6 pus
peaking time (Sammartini et al., 2020).

4.3 The PixDD integrated system

Two versions of the complete PixDD system have been
developed: 128 pixels (16 rows, 8 columns) and 256 pixels
(16 rows, 16 columns) with a pixel size of 300 x 300 um? Both
have undergone extensive testing for investigation of their
performances (Ceraudo et al., 2022a; Dedolli et al., 2022). For the
256 pixel version, an energy resolution of FWHM (5.9 keV) = 150 eV
at 0°C for single pixels has been measured, with a median value of =
160 eV across the whole matrix (Figure 12). In the future, detailed
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measurements of the low-energy response and the timing
capabilities will be carried out.

To ensure the matching between the sensor and its readout
electronics, hence ensuring the best performances, an application
specific integrated circuit (ASIC) was developed. The RIGEL
(Gandola et al., 2022; Ceraudo et al., 2022b) is a two-dimensional
mixed-signal ASIC featuring a matrix of 300 um x 300 pm front-end
readout pixel cells (RPCs), each one consisting of a full analog
readout chain with low-power continuous-reset charge-sensitive
amplifier, CR-RC shaper, amplitude discriminator, and peak
stretcher. Along with some auxiliary digital back-end circuitry,
the matrix of RPCs is completed by a set 10-bit Wilkinson ADCs
(one per row of RPCs) for immediate signal digitization. With a
selectable < 5 us shaping time constant and an asynchronous
readout architecture for the front-end cells, the RIGEL aims to
reach a time resolution < 10 ps, all the while maintaining an ENC
=10 ¢ RMS and a power consumption of 640 uW/channel. Due to
purely geometric consideration, if the ASIC and the sensor were to
be connected via traditional wire bonding, it would result in large
parasitic capacitance, with the consequent degradation of both the
spectral and the time performance of the integrated system. To
minimize the issue, a die-level gold-stud flip-chip bump-bonding
technique is applied (Caselle et al., 2016).
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4.4 The way forward

Although sensors larger than 16 x 16 pixels have already been
produced (see in Figures 12A, B the picture of the 32 x 32 channel
structure together with the first results obtained from the prototype
Figures 12C, D), the same does not apply to the ASIC. Due to their
limited dimensions (300 pum x 300 pm), RIGEL RPCs cannot host the
routing necessary to connect all the cells of a larger matrix to the
surrounding back end in a fully two-dimensional architecture. For this
reason, future prototypes will be based on fully separating the analog front-
end cells from the digital back-end circuitry on two individual chips
featuring through-silicon vias (TSVs) (Manazza et al, 2012). In this
configuration, the connection between the chips and with the
electronic board underneath will be ensured by a bump-bonding
process analogous to the one linking the ASIC and the sensor in the
currently available versions.

A final limitation of the current design that is to be overcome in
future versions is the guard rings. As mentioned above, to ensure the
correct charge-collecting properties of the outermost pixel of the detector
matrix, the active area of the sensor is surrounded by an n* guard ring
extending at least twice the thickness of the bulk. Of course, this places a
limitation on how close two sensors can be, which in turn decreases the
overall fill factor of the integrated detector, an important parameter in
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relation to the optical systems featuring large focal planes, such as lobster-
eye optics, one of the goal applications of PixDD. The technology to
design and build slim-edge or edge-less sensors is under investigation and
will rely on the employment of doped three-dimensional trenches in place
of two-dimensional guard rings, in a technique called deep reactive ion
etching, or DRIE (Kenney et al,, 1999; Kenney et al., 2006).

A similar approach has led to a qualified high-performance
detection system (Porro et al., 2021), demonstrating the wide path
available for further practical innovative solutions.

4.5 Pixel size limitations

The SDD is based on a sideward depletion process in the silicon
bulk; this allows realizing the potentials apt to reach the full
depletion and to control the signal charge drifting toward very
low capacitance collection anodes. Once we have chosen the
thickness based on the needed efficiency, the pixel pitch is
determined by the required imaging resolution considering the
following aspects:

- The anode diameter depends on the bonding technology used to
connect the sensor to the front-end electronics. Various techniques
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are available, from wafer level bump bonding down to die-to-die
gold stub bonding with the smallest ball or pillar realized
experimentally down to diameters of 5 pm, with positioning
precision of the order of a few pm (Caselle et al, 2016).
Reasonable anode diameters range from 40 to 10 pm.

At most two drift cathodes must be used, and their distance
defines the maximum allowed bias potential difference, and
thus the maximum transversal drift field. In principle, one
could implement a single cathode design, but this would more
appropriately be called a pixel sensor.

Over-depleting the sensor bulk would improve the imaging
performance by minimizing the effect of local electric fields
generated by the doping concentration variations. Since the
maximum voltage between the entrance window implant and
the drift cathodes is limited by Vi, to allow a larger bias, one
must maximize the breakdown voltage between the anode and the
cathode enclosing it. Presently, a breakdown threshold marginally
larger than 30 V has been achieved with an anode diameter of 40 pm
and an anode—cathode gap of 20 pm. The breakdown could occur
sooner with a smaller anode because of the higher curvature of the
implants; hence, the doping profiles must be designed properly.
Finally, the minimum dimension of the pixel depends also on
the front-end ASIC technology and architecture: the more
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single crystal. In (D), a photo presenting the HERMES 12 MASDD detection unit is shown. Itis composed of 120 SDD coupled to the LYRA dedicated system
of readout ASICs. In (E), the working principle of an XGIS detection system: the SDD, directly facing the source is coupled with a GAGG: Ce scintillator
crystal. The low-energy radiation (below ~20 keV) interacts in the SDD. Photons with higher energy cross the SDD and interact in the scintillator. The light

output is collected by SDD.

functions are required at pixel level and the greater effort will
be needed toward compacting the layout and fitting the
shielding critical circuits and routing all signal toward the
ASIC periphery. Using more scaled CMOS technologies
alleviates in part these issues, but ultimately to compete
with the minimum CCD pixel pitches a 3D electronics
development with just the charge preamplifier and a simple
shaper on the first layer will be necessary provided small
through-silicon vias (diameters approximately few pm)
are available.

4.6 MASDD for the X and gamma imaging
spectrometers in the HERMES and
THESEUS projects

One notable hybrid application of the pixelized SDD is the X and
gamma imaging spectrometer (XGIS). The High-Energy Modular
Ensemble of Satellites (HERMES) project (Fiore et al., 2022) and the

Frontiers in Detector Science and Technology

Transient High-Energy Sky and Early Universe Surveyor
(THESEUS) (Amati et al,
applications for which this detection concept has been gradually

2021) are the two practical

developed as sky monitoring instruments for X/gamma-ray
transient detection. In order to build a position-sensitive
detection plane with a large effective area over an energy band
ranging from soft X-rays to soft gamma-rays with the timing
resolution down to a few s, the XGIS further develops an
innovative technology coupling MASDD (Figures 13A, B) with
crystal scintillator bars (Figure 13C) and very low-noise
distributed front-end electronics ASICs (Gandola et al, 2019;
Fuschino et al., 2019; Labanti et al., 2020) Figure 13D. The XGIS
detector’s unconventional and challenging design operates in the
2 keV-10 MeV energy range Figure 14.

More specifically, the HERMES space-borne project is designed
to investigate the temporal emission of brilliant high-energy
transients like gamma-ray bursts (GRBs) using a constellation of
nanosatellites in low-Earth orbit equipped with a hybrid XGIS
detection system. This hybrid detector, made of GAGG: Ce
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In (A), the completely assembled HERMES detection unit, which is made up of 60 cesium-doped Gadolinium-Aluminum Gallium Garnet (GAGG: Ce)
scintillators connected to 120 Silicon Drift Detectors (SDDs). In HERMES, the SDD is on one face of the GaGG scintillating crystal, while in the THESEUS
applications, the SDDs are foreseen on both crystal's faces. In (B), simulated efficiency vs. photon energy in the case of THESEUS for the direct detection in
the SDD (red curve) and through light conversion in the scintillating crystal Csl (T1) (blue curve). SDD and crystal thicknesses were assumed, 0.45 and
30 mm, respectively. In (C), X-ray spectra obtained by illuminating the detector with **Fe and '°°Cd radioactive sources, while in (D), spectra acquired with

199Cd and **¥’Cs radioactive sources.

scintillator crystals (Figure 13C) optically connected to silicon drift
detectors (SDDs) (Figures 13B, E), can measure both soft X-rays and
y-rays (Figure 14). The SDDs directly detect soft X-rays up to
approximately 20 keV, while, at higher energies, they collect light
emitted by the y-rays in the scintillator crystals (Figure 14B). The
SDDs function as a photodiode in this case, generating a charge
signal proportional to the quantity of the scintillator light gathered.

The discrimination between the two signals in the SDD (soft
X-rays or optical photons) is achieved by exploiting a segmented
detector design (Figures 13B, C). Each scintillator crystal is read-out
by two SDD cells. This means that events detected in one SDD are
linked to soft X-rays converted in that single SDD cell, whereas
events detected in two SDDs at the same time are caused by the light
that an incoming hard X-ray or y-ray produces in the scintillator.
The MASDD detector design and production process have been
focused on low power consumption of sensors, low dark current,
high detection efficiency (both for ionizing radiation and optical
photons), enhanced efficiency on the sensor edges, and optimized
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charge collection efficiency. The HERMES SDD design is shown in
Figure 13B, the thickness is 450 um, and each MASDD is organized
ina 2 x 5array. Guard rings surround the SDD matrix, allowing for a
correct electric field termination. The guard ring area is passive;
thus, the overall geometric area of the SDD device is 39.6 x
14.5 mm?, while the sensitive area of each SDD cell is 6.05 x
744 mm’. A single GAGG crystal (~12.1 x 6.94 mm’ and
15.0 mm thick) is coupled on the p-side of two SDD channels.
On this side, to avoid optical crosstalk coming from different
crystals, a metal implant strip 0.5 mm wide is present between
the adjoining couple of cells Figure 13D). With this configuration, a
signal from a single isolated SDD channel will be interpreted as
originated by the direct absorption of an X-ray in silicon, while a
signal (with comparable amplitude) from the two SDD channels
coupled to the same crystal will be considered a y-ray event.
14A  displays the completely assembled HERMES
detection unit, which is made up of 60 cesium-doped
Gadolinium-Aluminum Gallium Garnet (GAGG: Ce) scintillators

Figure
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In (A), magnified view of a detection module and in (B) XGIS module prototype realized during THESEUS studies.

connected to 120 SDDs. The LYRA dedicated readout ASIC (Dedolli
et al,, 2024) is organized in a multi-chip architecture: 120 front-end
chips placed close to the anode of the SDDs send their preprocessed
signals to four 32-channel back-end chips. LYRA ASIC has a
maximum input charge of 52 fC (2.2 MeV in GAGG) with a
and the
equivalent noise charge is 14 electrons RMS at 1.6 us peaking

linearity error within +1.5%, specified  intrinsic
time with a nominal power consumption of 600 uW/channel.

In HERMES, the MASDD is on one face of the scintillating
crystal, while the XGIS detector proposed to ESA for the THESEUS
mission is a further evolution of the concept developed in HERMES.
Here, the scintillator bar, CsI(T1) is 4.5 x 4.5 x 30 mm in size, with
the SDDs positioned at the top and bottom of the bar. Figure 15
represents the module: two sets of SDDs (top and bottom),
organized in the 8 x 8 array that can be seen in Figure 15A, are
optically connected through a transparent silicone pad to the
scintillator crystals. The SDDs are mounted on a PCB where also
the first stages of the electronic chain, the FE preamplifiers (Mele
et al., 2021b), one for each SDD, are mounted.

The front face of the “top PCB” is exposed to the incoming
radiation. The MASDD are glued on the back face of the “top PCB”
that presents large openings to avoid the low-energy radiation being
absorbed. The SDD acts as both a low-energy X-ray detector (2 + ~
20 keV) and as a photodiode for the scintillator light. The top-FE
ASICs collecting the SDD charge deliver a pre-amplified signal to the
bottom part of the module via a rigid-flex cable. In the “bottom
PCB” SDD, with ASIC, operate as a photodiode. The crystal
wrapping optically insulates one crystal from the other; therefore,
the scintillation light of each crystal can reach only its two coupled
SDDs. The other board contains the electronics that deal with the
signals of the preamplifiers, the power distribution, and interfaces
with the rest of the system. In each XGIS camera are foreseen
6,400 detection elements; the ASICs for readout are twice as many.
Amplification, ADC conversion, and time marking of the signal
imply an overall power consumption of approximately 50 W.
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The module mechanical rigid housing (Figure 15B),
packing and pushing together all the elements, has been
tested to withstand vibration and thermo-elastic stress due
to the combination of components with different thermal
expansion coefficients. The housing allows modules to be
assembled with a “dead area” between them having the same
size of the single element to be compatible with code mask
techniques. Like the Hermes case, the scintillator readout
allows the discrimination between low-energy X events,
detected just in the top SDD, and gamma events interacting
in the scintillator and producing top and bottom coincident
SDD signals. By weighting top and bottom signals, the position
of the gamma interaction along the bar can be evaluated,
obtaining a position resolution of the order of 3-5 mmy;
summing top and bottom signals, the energy of the event is
measured, showing a lower energy threshold overlapping the
X-range of the top SDD stand alone.

5 The front-end and back-end electronics of
X-ray MASDD

Finally, it is helpful to emphasize that in MASSD-based X-y
ray spectroscopic systems, the front-end (FE) and back-end
(BE) electronics are essential for two reasons: 1) the final

of the
minimum  detectable

performance spectrometer in terms of energy

resolution, photon energy and
maximum photon rate, is strictly determined by a careful
design which must take into consideration the characteristics
and the interplay of all the components of the system (detector,
interconnection, and readout electronics) (Bertuccio and Mele,
2023) and 2) the operation of

spectroscopic-grade channels requires particular care in the

simultaneous several

system architecture design to maintain low noise and
minimum interference in a mixed-signal environment. At
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TABLE 1 ASICs designed for different MASDDs.

Detector  Architecture [row X

column]

10.3389/fdest.2025.1551757

55Fe 5.9 keV
FWHM [eV]

SDD pixel
pitch [mm]

Power consumption
[mW/ch]

RIGEL (Gandola et al,, 2022) | PixDD 16 x 8 0.3 0.5 167 @ 0°C, 1.8 us

ORION (Mele et al., 2021b) THESEUS 1 x 2 (FE) 5 1.6 249 @ -20°C, 1 pus
XGIS 1 x 3 (BE)

LYRA (Gandola et al., 2019) HERMES 1 x 1 (FE) 6 0.6 224 @ -33°C, 1.5 ps

32 x 1 (BE)

VEGA (Ahangarianabhari LASDD 32x1 0.97 0.4 187 @ -30°C, 3.6 us

et al., 2015)

SIRIO (Mele et al., 2021a) TwinMic/ 1x1 - 13 123 @ -35°C, 5.6 ps
XAFS

this aim, several application specific integrated circuits in
CMOS technology have been designed for the different
MASSD-based
applications, an ultralow-noise charge-sensitive preamplifier

instruments  here.  For  synchrotron
(SIRIO) has been developed, able to reach intrinsic noise
level as low as 0.9 electron RMS, thanks to an accurate
design that minimizes all the noise components originating
in the front-end electronics itself (Bertuccio and Caccia, 2007;
Bertuccio, 2012; Bertuccio and Mele, 2023). For MASSD
devoted to astrophysics, several mixed-signal ASICs have
been developed in the last decade, as reported in Table 1.
For each MASDD coupled to the corresponding ASICs, the
ultimate obtainable energy resolution (last column) is
determined by all the system parameters such as the SDD
volume, anode area, front-end power consumption, operating
temperature, and processing time. Excluding SIRIO, all these
ASICs include a full signal processing chain, from the charge
the
discriminator, pile-up rejector, configuration logic, and signal
multiplexing. A common feature of all these ASICs is the

preamplifier to shaper, peak stretcher, amplitude

relatively low power consumption, approximately 0.5 mW
per channel, except for ORION whose 1.6 mW/ch is justified
by its three processing chains for each detecting pixel because a
XGIS pixel delivers the signal from two SDDs and a scintillator
to cover a very wide energy dynamic range from X- or y-rays.
We remind that all multi-channel ASICs embed memory
registers for common parts and every single channel re-
configuration and that they are designed, both for standard
operation and complete testability. Two multiplexers (one
analog and one digital) are always provided to address the
selected channel energy value and event trigger toward two
common outputs, to make instrument PCB design feasible.
Again, ORION also provides A/D conversion of the energy
value and on-chip elaboration of read-out data including event
type estimation (X or y), timestamp assignment, and rise-time
protection to wait for multiple channels to settle before their
sampling. In LYRA and ORION ASIC, the signal processing is
divided between two chips, FE and BE: the FE contains the
charge amplifier and first stage of the pulse shaper for a single
pixel, and it is placed very close to the SDD anode; the BE
contains all the other signal processing stages for several FE
chips and other analog/digital sections. The FE analog output
signal is transmitted to the BE in the current mode, to avoid any
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inter-channel crosstalk which could generate false triggering
and limits the minimum detectable photon energy.

6 Conclusion

The aim of this work is to show how systems based on
monolithic multielement SDDs, developed for high-rate X-ray
spectroscopy, have become an indispensable detection method
for a wide range of scientific applications and have the potential
to expand into the wider field of material analysis, thanks to the
evolution of the two essential components of a dedicated low leakage
current production process and specially designed FE electronics.

We hope to contribute to the general understanding of MASDD
by offering a detailed explanative progression based on successful
applications and providing the pertinent bibliography.
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