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X-Ray Silicon Drift Detector — CMOS
Front-End System with High Energy Resolution
at Room Temperature

G. Bertuccio, M. Ahangarianabhari, C. Graziani, D. Macera, Y. Shi, A. Rachevski, I. Rashevskaya,
A. Vacchi, G. Zampa, N. Zampa, P. Bellutti, G. Giacomini, A. Picciotto, C. Piemonte, N. Zorzi

Abstract— We Present a spectroscopic system constituted by
a Silicon Drift Detector (SDD) coupled to & CMOS charge

sensitive preamplifier, named SIRIO, specifically desighed to
reach ultimate low noise levels. The SDD, with an active area of

13 mm? has been manufactured by optimizing the production
processés in order to reduce the anode current, successfully
reaching current densities between 17 and 25 pA/cm? at +20°C
for drift fields ranging from 100 to 500 V/cm. The preamplifier

shows minizré’;u(gn inérigaiccnoise Ievelslof 1.27 and 1.0 electrons

r.m.s. at +20°C and -30°C, respective .J_At room tem eraturé
o 5
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noise charge of 7.4 electrons; the noise threshold is at 165 eV.

The energy resolution, as measured on the pulser line, ranges

from 82 eV FWHM (9.4 electrons r.m.s.) at +30°C down to 29

eV FWHM (3.3 electrons r.m.s.) at -30°C.

Index Terms— Semiconductor radiation detectors, Silicon

radiation detectors, Semiconductor Drift Detectors, X-ray
detectors, room temperature detectors, X-ray s ectroscogy
application 'specific integrated circuits, CMOS integrated

circuits, Low-noise amplifiers, Charge Sensitive Preamplifiers.

I. INTRODUCTION

A. Semiconductor Drift Detectors

S EMICONDUCTOR Drift Detectors (SDDs) were
invented by E. Gatti and P. Rehak in 1983 [1, 2] and

suddenly opened new perspectives in radiation and particle

detection and spectroscopy because of the higher energy

resolution achievable with respect to traditional junction

diodes. Figure 1(a) shows a cross section of a cylindrical-
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type SDD: the p+ cathodes are biased to fully deplete the
silicon bulk and to generate an electrostatic potential energy

for the electrons - in Figure 1(b) - whose minimum stays at a
small n+ electrode (anode) usually placed at the center of
the device. The electrons generated by the radiation are so
driven toward the anode and collected there. The SDD’s
anode capacitance is extremely low (= 0.1 pF) - because of
its small geometrical dimension and of the fully depleted
semiconductor - and independent from the detector active
area. Therefore, SDDs can be designed with large sensitive
area (up to several cm?) but with the output capacitance of a
small pixel. Differently, a traditional semiconductor detector
based on planar Schottky or pn junction has a capacitance
directly proportional to the junction area with a specific
capacitance of about 34 pF/cm? for a 300 pum thick detector.
Since the noise of a detection system based on a junction
semiconductor detector significantly decreases by lowering
the capacitance of the detector output electrode, SDDs have
brought a breakthrough with respect to traditional detectors
for which a tradeoff between large sensitive area, low noise
and number of readout channels were strictly necessary. In
addition, the very small capacitance of the SDD anode not
only reduces the contribution of system series noise but also
shortens the optimum shaping time 1o SO that the
contribution of the parallel white noise - arising from the
detector current - is reduced as well. Besides, SDDs allow
also low noise operation at high photon/particle rate because
of the shorter topt.

SOV <k radiation rg il
o cathode ~ Electron drift paths
n-type silicon (fully depleted) .
p* cathodes n* anode
-

X —
-120Vv -80 Vv -0V 30V oV =30V -60 V 20V 20V
(a) Preamp.

Electron potential energy
= Electron drift paths

Figure 1 (a) Section of a cylindrical Silicon Drift Detector; (b) Potential
energy of the electrons in the SDD. The electrons generated by the
radiation drift toward the anode electrode, where the minimum
potential energy is placed by means of a proper bias of a set of
cathodes.
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In the last 30 vyears, a worldwide research and
development activity has been carried out to study and
design different topologies of X-ray SDDs which nowadays
are widely used in many scientific experiments as well as in
several commercially available X-ray spectrometers for

scientific, industrial and medical applications [3, 4].

B. The limit of the detector operating temperature

One of the limits of all the semiconductor X-ray detectors
with active areas above 1 mm?, including SDDs, is their
relatively high dark current - and consequently high noise -
at room temperature, so that cooling the device is strictly
necessary in order to achieve a high energy resolution. This

is valid also for wide bandgap compound semiconductors

such as CdTe and CdznTe for which room temperature
operation is limited to spectroscopy of high energy photons
(50 keV — 10 MeV) only, where energy resolutions in the
keV range or even higher are adequate.

The upper limit of the operating temperature of SDDs is
determined by the anode current density, which currently
ranges between few nA/cm? down to 200 pA/cm? at room
temperature for both typical and state of the art detectors
[17]. Practically, SDDs for X-ray spectroscopy operate at
temperatures between -20°C and -55°C in order to reduce
the anode current down to tens of fA, so reaching the
highest energy resolution.

C. The SDD Front-End Electronics

The Front-End Electronics (FEE) is a fundamental part of an
X-ray spectroscopic system; its importance in achieving the
ultimate performance from the system is as high as the
detector quality. Although Junction Field Effect Transistors
(JFETS) are able to guarantee high performance due to their
ultra low 1/f noise, the very low capacitance of SDDs allows
using also MOSFETS input integrated circuit preamplifiers
because their size scalability permits a much better
capacitive matching with the detector. In 1997 Rehak et al.
proved this solution with excellent results [5]. Further
research have brought to CMOS Charge Sensitive
Preamplifiers with few electrons noise [6] and, some year
later, this has been applied to SDDs readout as an alternative
to JFETs [7].

D. Motivation and objective of this work

High resolution X-ray spectroscopy in the 0.1-20 keV
energy range with the system operating at room temperature
is appealing because of the advantage of avoiding cooling
systems, which are relatively bulky, heavy, with power
consumption in the Watt range and requires vacuum or
sealed dry enclosures. SDDs are the most promising
candidate to achieve this goal and have been tested at room
temperature from 1992 to present. Some progress has been
done in term of energy resolution and larger active area, as
shown in Table | but the energy resolution was mostly
limited by the leakage current of the detector or by the noise

of the FEE. Till few years ago, the best published result at
room temperature is 260 eV FWHM at +25°C at 5.9 keV
(*Fe) for a 25 mm?2 SDD [9], which is anyhow well far
away from the resolution of 123-125 eV FWHM obtained

TABLE |
X-RAY SDD PERFORMANCE AT ROOM TEMPERATURE
(4] [<5] — /.;; (<]
3 S |5 |E2| £ | &
S & = NE < %) m> E = ;’a?
5| 85E 28 33| e |22
& L~ | E = @) <
@ @ 5 =] > @
[a) - 0 LWL 0 o
This | oois | 13 | +20 | 136 | 74 | 14
work
8 |2014| 13 | +21 | 141 | 86 | 08
9] |2012| 25 | +25 | 260 | 27 | 01

[10] | 2001 10 +25 300 -- --

[11] | 1996 [ 3.5 +27 220 21 0.5

[12] | 1904 | 2 +24 | G4y | a1 | -

[13] | 1994 | 15 | +20 | 327 | -- 7

[13] | 1994 | 05 | +20 | 267 | -- 7

[14] | 1992 78 R.T. 940 110 | 0.25

with peltier-cooled SDDs [15, 16, 17]. Last year, the first
achievements of the research activity of our group in
designing SDDs and FEE with ultimate low noise was
presented [8], demonstrating for the first time the capability
for a SDD-CMOS FEE system to operate up to room
temperature with the highest energy resolution (141 eV
FWHM) possible so far, approaching the value achievable
with cooled devices. In this paper, we present improved and
extended experimental results of the SDD-CMOS FEE
system together with their detailed analysis: in Section Il the
detector design, fabrication and electrical characterization
are presented; Section Il is devoted to the Front-End
Electronics and Section IV to the System characterization;
an analysis of the system’s noise is presented in Section V.

Il. THE SILICON DRIFT DETECTOR

A. Fabrication technology

The detector was realized on a <100> floating zone
silicon wafer, n-type, 150 mm diameter, 450 pum thick.

The fabricated SDD is hexagonal with an active area of
13 mm? and the anode in the center. A continuous p+
cathode constitutes the entrance window on one side of the
detector. The cathodes on the anode-side are biased through
an integrated resistive voltage divider in order to create the
drift field. The hexagonal structure is functional to a matrix
configuration [18]. An innovative and proprietary
technological process (LC-SDD/Low Current SDD) -
driven also by the need of very large area SDDs [19] - has
been developed at FBK to reduce the reverse currents of the
pn junctions in order to minimize the dark current at the
anode.

B. Electrical characterization

The SDD has been glued on the printed circuit board
together with the Charge Sensitive Preamplifier (CSA,
described in Section I11), placed in thermostatic chamber
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Figure 2 Current densities measured at the anode of two Silicon Drift
Detectors in operative conditions as function of the temperature. The

SDD fabricated with the new Low Current process (LC-SDD) shows an
anode current about 50 times lower than the SDD fabricated with
standard process (S-SDD).

and biased at the operating conditions and firstly checked
with a radioactive source. The anode current (lanoge) has been
measured as a function of the temperature. Since the CSA
operates in pulsed-reset mode, the anode current is
periodically integrated into the feedback capacitance, so that
lanoge Can be determined from the slope of the CSA output
voltage. The feedback capacitance has been accurately
measured from the amplitude of the signals generated by the
5.9 keV line of a *Fe radioactive source. The results of the
measurements are shown in Figure 2 in terms of current
density. The same figure also shows the current density
measured on a similar SDD fabricated with a standard
process (S-SDD). At a temperature T = +20°C the current
density of the LC-SDD is J=25pA/cm? while it is
J=1.2 nA/cm? for the S-SDD showing a significant reduction
by a factor 48 achieved with the LC-process. The slope of
the two I-T curves are approximatively the same and so
almost the same reduction factor is also observed at all the
other temperatures. At T =-30°C the measured current

densities are J=4 pA/cm? and J=90 fA/cm? for the standard
and LC process, respectively.

It can be observed that the S-SDD must be cooled down

to T=-14°C in order to reach the same anode current the
LC-SDD shows at T=+20°C, so the new technology allows

*1 T=20°C R
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Figure 3 Anode current of LC-SDD and current density (right y-axis)
measured at +20°C as function of the drift field.
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Figure 4. Anode current vs. 1000/T. An acceptable agreement with the
theoretical generation current (eq. 1) is found, deriving a carrier
effective lifetime of 1,=1.16 s.

to gain AT=+34°C in terms of operating temperature to have
the same detector noise. Considering that the lowest anode
current density of SDDs declared so far is 200 pA/cm? at
room temperature [17], this technology sets the new state of
the art improving by an order of magnitude. Since the
parallel noise ENC contribution depends on the root square
of the anode current, a significant improvement by a factor 3
in this noise component is expected.

Figure 3 shows the anode current measured at T=+20°C
as a function of the drift field, which has been changed by
setting the outmost drift cathode bias voltage while keeping
both the first and the entrance window cathodes bias
voltages constant. An increase of the current density from
17 to 25 pA/cm? as the drift field is changed from 100 to
500 V/cm is measured. Such a growth can be explained with
the increasing of the generation current due to the widening
of the depleted inter-cathode surfaces and/or due to the
increasing of the charge generation rate in the regions in
close proximity to the voltage divider, where a local rising
of the temperature is expected due to the increment of the
electrical power in the integrated resistors.

Assuming that the anode current is dominated by thermal
generation of charge carriers in the depleted silicon, we can
write [20, 21]

ni

I = AW

anode

= M\/LL(L)M e fs 1)

kT
2co 2¢, €0 Vo g,

in which A and W are the area and the thickness of the
depleted region, respectively; n; is the intrinsic carrier
concentration, 1o is the effective carrier lifetime,
Nco=2.86x10%° cm3 and Ny, =3.1x10'° cm are the effective
density of states in the conduction and valence bands,
respectively at the reference temperature T,=300 K [22]; Eq,
k and T are the bandgap energy, the Boltzmann constant and
the absolute temperature. The experimental data have been
fitted to eq. 1 as shown in Figure 4 finding an acceptable
agreement, in a first approximation. The carrier effective
lifetime derived from the fitting is 7o = 1.16 s, which reveals
a significant improvement with respect the value of 15 ms
originally measured by J. Kemmer et collaborators in 1982
with the first silicon detector based on pn junctions made
using planar technology [23].
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Figure 5. Artificial spectrum acquired at +22°C before connecting the
preamplifier input to the detector anode. The measured ENC of 1.27 ¢
rm.s. (11 eV FWHM) represents the system noise, disturbances and

interference included, but without the detector contribution. The noise
threshold is at only 5.6 electrons (21 eV).

I1l. THE SIRIO PREAMPLIFIER

The front-end electronics of our system is constituted by
an ultra low-noise CMOS Charge Sensitive Preamplifier
(CSA) named SIRIO, which is the result of several years of
research activity focused to achieve the lowest noise in
CMOS CSA. Its first version, designed for SiC pixel
detectors, demonstrated an ENC=3.9 electrons r.m.s. at
room temperature [6]. In this experiment we used the third
generation of such CSAs (SIR10-3G), which has an intrinsic
Equivalent Noise Charge (ENC) around 1.3 electron r.m.s.
at room temperature and even lower than 1 electron r.m.s. at
-30°C [24]. A SIRIO-3G chip has been glued onto the
detector in close proximity to the anode in order to minimize
the bonding wire length and so the associated stray
capacitance.

IV. EXPERIMENTAL

A. Experimental setup

The detector-preamplifier system was placed inside a
metal box in a thermostatic chamber. The system was
operating in dry air, obtained by fluxing N» and by
hygroscopic salts, the temperature was constantly measured
by a thermocouple. A precision pulser (Tektronix
AFG3022B) was used to inject calibrated charge pulses
through the test capacitance (Cresr) integrated in the CSA in
order to directly measure the electronic noise of the system.
The preamplifier output signal have been processed by a
digital pulse processor (Amptek PX5) implementing a
triangular shaping with peaking times settable from 0.4 ps to
102 ps.

B. Readout Electronics characterization

The readout electronics has been tested before connecting
the detector anode to the preamplifier input in order to
measure the noise of the system without the detector
contribution. The Equivalent Noise Charge (ENC) has been

measured acquiring artificial spectra by injecting a sequence
of two calibrated charge pulses by means of the pulser. The
injected charge has been first estimated by considering the

1600 T T T T T T T

1400 Noise corner T = +20°C 5.9 kev
| LoseV LC-SDD 13 mm? )
1200 SIRIO 3G Preamp. 55|:e ]
Pulser T, =Lldns
1000 ]
%)
E 400 136 eV
=3 -
8 64 eV FWHM FWHM 13,
600 (7.4 e rm.s) i
- 6.49 keV
400 -
200 K i
0 — ]

1 2 3 4 5 6 7
Energy (keV)

Figure 6 **Fe acquired at +20°C amd optimum peaking time (1.4 ps).
The pulser line width is 64 eV FWHM, corresponding to 7.4 electrons
r.m.s..

nominal value of Crest and then accurately determined when
the detector was connected, by measuring Crest using a %°Fe
spectrum. Figure 5 shows the spectrum acquired at
T=+22°C by injecting two sets of charge pulses of about 50
and 100 electrons, equivalent to about 183 eV and 367 eV
deposited in Silicon. At the optimum peaking time of 51 ps
a minimum FWHM of 11 eV has been measured,
corresponding to ENC= 1.27 electrons r.m.s. The threshold
of the noise is at only 5.6 electrons, corresponding to an
energy of 21 eV. The ENC was measured also at T=-30°C,
resulting in a minimum noise of 1.0 electrons r.m.s. (8.7 eV
FWHM). The ENC of the system versus the peaking time at
T=+22°C and T=-30°C before connecting the detector is
shown in Figure 9, indicated for simplicity as “SIRIO
preamplifier” although it represents the system noise,
disturbances and interference included, excluding only the
contribution of the detector and of the preamplifier-detector
connection wire to the system noise.

C. System characterization with X-rays

After connecting the anode at the preamplifier input by
wire bonding, the SDD-SIRIO system has been
characterized with the *Fe and the pulser lines. No photon
collimation was used during irradiation. Figure 6 shows the
best spectrum of %°Fe acquired at room temperature
(T=+20°C) with a peaking time of 1.4 ps. The width of the
5.9 keV line is 136 eV FWHM, the pulser line width is
64 eV FWHM, corresponding to 7.4 electrons r.m.s.. The
noise threshold is at 165 eV (45 electrons). To our best
knowledge, this is the highest energy resolution ever
measured with a semiconductor detector of such area (13
mm?) and operated at room temperature. Comparing this
result with previously published value for 5.9 keV FWHM
reported in Table 1, the significant progress can be
appreciated.

The system was also tested at different temperatures from
T=+30°C down to T=-30°C. Figure 9 shows the pulser line
FWHM and the corresponding ENC as a function of the
peaking time at the different operating temperatures and
Table Il reports the minimum line width measured at each
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Figure 7. Fe acquired at -28°C and optimum peaking time (19.2 ps)..
The pulser line width is 29 eV FWHM, corresponding to 3.3 electrons
r.ms..

temperature and the corresponding peaking time. The
system noise at the optimum peaking times, ranges from
82eV FWHM at T=+30°C down to 29 eV FWHM at
T=-30°C. The %5Fe spectrum acquired at T=-28 °C is shown
in Figure 7: the width of the 5.9 keV line is 123.7 eV
FWHM and the pulser line width is 29 eV FWHM,
equivalent to 3.3 electrons r.m.s. at a peaking time of
19.2 us. The peak to valley ratio in the *Fe spectrum was
not high (=10% because of the absence of a photon
collimator, so that the FWHM can be probably improved
even further with the use of a well-designed collimator.

V. SYSTEM NOISE ANALYSIS

A. Introduction

In this section an analysis of the measured noise is
presented allowing to derive some significant information
on the system. Specifically, this analysis aims to determine
the noise contributions of the detector and of the readout
electronics, finding the limiting factor to the performance of
the system in terms of energy resolution. Moreover, a fitting

of the experimental ENC vs. Tpeax data will give the weight

18F Tee20c ' 7160 ’E‘
15| LC-SDD-SIRIO 1140 T
’;5\ © Experimental 4120 ;
E‘ 121 —— Model (eq. 2) 4100 ;
é 9L N@_@_ 180 &
<] 3 '\“ wp %
13] r - 160 -=
% 6 . ENCWs =
S sl RN =
B R 440 T
E 41 PR ENCM 3
g

3 1 1

1 10

Peaking time (us)

Figure 8 LD-SDD+SIRIO system at room temperature (+20°C):
Equivalent Noise Charge (left y-axis) and corresponding pulser line
width (right y- axis) versus peaking time. The main noise components
are derived by fitting the experimental data to equation 2.

TABLE Il
LC-SDD-SIRIO: SYSTEM ENERGY RESOLUTION AND NOISE

T %Fe 5.9 keV PULSER ENC Peaking

[°C] LINE WIDTH LINE WIDTH [e-T.m’s.] Time
[eV FWHM] [eV FWHM] (us)

+30 148 82 9.4 0.8
+20 136 64 74 14
+10 133 53 6.1 24

0 129 44 5.0 4.8
-10 129 41 4.7 9.6
-30 123.7 29 3.3 19.2

READOUT ELECTRONICS

+22 -- 11 1.27 51.2
-30 -- 8.7 1.0 102.4

of the different noise components and the effect of the stray
capacitances due to the bonding connection.

B. Noise components analysis

The analysis of the system noise has been done by
considering the classical model for the Equivalent Noise
Charge:

ENC =+ENC? +ENC? + ENC? (2)
tot ws 1/f wp

in which the total noise is given by the white series (ws), 1/f
and white parallel (wp) components, whose detailed
expressions can be found in [25]. Figure 8 shows the fitting
to Eqg. 2 of the experimental ENC vs. Tpea data taken at
T=+20°C. The model well describes the experimental data
allowing to precisely disentangle the three noise
components. From the white series noise a total input
capacitance of about 130 fF can be derived, from the white
parallel component a leakage current of 3.8 pA is calculated,
in good agreement with the value measured from the slope
of the preamplifier output; the 1/f component is contributing
for about 4.8 electrons, which is almost the same value
given by the series and parallel noise at the optimum
peaking time of 1.2 ps.

200 I Mﬁoec '
= i +20°C 120
= 3
E 100 | %D-SIRIO System 110 E
> +10°C @
L B . = _40°C . 2
s 01 R el 1s 8
2 o go—a -30°C ]
s 3or 13 3
2 20}t 1,
- SIRIO Preamplifier +22°C %
£ 10p s0°c] 4 w
>S5 .
[a

5 L - -

1 10 100
Peaking time (us)

Figure 9 Pulser line width and ENC for the whole System and of the
SIRIO preamplifier alone, measured at different temperatures as
function of the peaking time of a triangular pulse shaping.
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C. Discussion on Detector and Front-End noise
contributions

The noise of the system has been measured before and
after connecting the déetector anode to the preamplifier m&%

st tBeffiéetnReson T8RO9I Gf Hhe 8id &P raififes &

3 e rms. (26 eV FWHM) at T=+22 °C and Tpeak=0.8 Us
down to 1.0 e r.m.s. (8.7 eV FWHM) at T=-30 °C and
Tpeak=102 ps. Such noise includes mainly the preamplifier
intrinsic noise (so the curves have been indicated as SIRIO
preamplifier) but also any noise component injected from
the power supplies and any disturbance coming from the
surrounding environment. Comparing the noise measured
before and after connecting the detector, it is clear that, at all
the temperatures, the connection of the detector brings to a
significant increase of the system noise because of the
relevant growth of both the parallel and series noises due to
the detector anode current and to the detector and wire
bonding capacitances, respectively. This becomes even
more evident if we consider that the ENC contributions sum
quadratically: at T=-30°C, for example, ENC grows from
0.9 to 3.3 electrons r.m.s., that is a variation of an order of
magnitude; this increase is due to several effects. As far as
the parallel noise is concerned, the preamplifier is
practically noiseless at all the temperatures, since the
leakage current at its input ranges from 1 fA at T=+20°C
down to few aA at T=-30°C, so that the whole parallel noise
of the system comes from the detector. The series noises
(white and 1/f ) have their origin in the preamplifier (mainly

from the input transistor), but their intensities in the final

system are strongly determined by the capacitance of the

etector (Cp) and of the wire connection (Cy). In Figure 9,
the significant increase of both the series noise components
when the detector is connected can be appreciated but, in an
ideal case of Cp+Cw=0, we wouldn’t observe any increase in

these noise components. From these considerations on noise
components we can conclude that the detector - even if it
presently represents the state of the art - and the
preamplifier/detector wire connection, are significantly
determining the system energy resolution at all
temperatures. At the same time, in principle, also the
preamplifier design can be further improved to reduce the
ENC sensitivity to the to the input load capacitance.

VI. CONCLUSIONS

We have designed and experimentally characterized an
X-ray spectroscopic system constituted by a Silicon Drift
Detector and a CMOS integrated preamplifier (SIRIO)
demonstrating that very high energy resolution — with pulser
linewidth equal or less than 82 eV FWHM - can be obtained
even with the system operating at room temperature. This
results have been made possible by two parallel and
concurrent research activities: the first was related to an
improved detector manufacturing technology which allowed
to decrease the reverse current density of the pn junctions at
ultra-low levels (anode current density lower than
<25 pAlcm? at room temperature); the second was an
advanced design of a CMOS charge sensitive preamplifier
showing an intrinsic noise close to 1 electron r.m.s. at room
temperature.

The energy resolution measured at +20°C (136 eV FWHM
at 5.9 keV from %Fe) is not so far from that one (124 eV
FWHM) achieved with state of the art system cooled
between -20°C and -50°C using Peltier cooling systems.
Besides, the measured energy resolution is the highest ever
achieved at room temperature by any semiconductor
detector of comparable active area opening new perspectives
in the technological implementation and applications of
these types of X-ray spectrometers.
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