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We describe a technique for measuring with high accuracy and precision the capacitance of the anode of
a semiconductor drift detector (SDD) fully biased in operating conditions and connected to the front-end
electronics. The proposed method does not require the use of a probe station, making it suitable for low-cost
and easy-to-setup application environments. We have performed measurements on four SDDs with different

geometries and production processes, observing a total capacitance ranging from 20 fF to 75 fF, depending on
the bias conditions. Different components of the anode capacitance with respect to the front cathode and the
adjacent drift cathodes have been measured and commented as well. Precision in the capacitance measurements
better than 0.1 fF has been obtained. These results can be effectively used for the optimization of the front-end
electronics for SDDs to achieve minimum electronic noise.

1. Introduction

Silicon (or semiconductor) drift detectors (SDDs), proposed by E.
Gatti and P. Rehak in 1983 [1], are today undoubtedly among the most
used solid-state X-ray detectors for high energy-resolution spectroscopy
applications. Monolithic SDDs of different topologies, sizes and geome-
tries have been manufactured and successfully characterized: linear
and cylindrical geometries with area ranging from few mm? up to
tens of cm?, single or multiple anodes, pixel arrays [2-6]. Several
commercial spectrometers based on SDD are available as well [7-9].
Owing to the small-size (usually <0.01 mm?) of the output electrode
(anode) where the electrons are collected' and due to the fully depleted
volume, the anode is characterized by a small capacitance (tens of
fF) that is independent from the detector active area. This feature
makes SDDs the preferred choice for detectors in the soft X-ray energy
band (0.1-30 keV) for both experiments at synchrotrons [6,10,11],
free-electron lasers (FEL) [3] and space-borne astrophysics applica-
tions [12-15] as well as for numerous industrial applications. Despite
the low output capacitance of SDDs is widely reported in the scientific
literature, most of these claims are based on geometrical evaluations
and TCAD (Technology Computer Aided Design) simulations. The lack
of experimental values of the anode capacitance can be attributed to
the complex polarization scheme of SDDs, which requires at least 4

probe terminals in order to correctly bias all electrodes in the end-
user operating conditions. A method based on multi-parameter fit of
the equivalent noise charge data acquired at different shaping times
allows to evaluate the total capacitance at the preamplifier input, but it
requires the knowledge of some parameters related to electronics and
all the other capacitive components (preamplifier, stray), in order to
extract the detector’s one [16]. In this paper we describe a method
to effectively measure the SDD output capacitance in its functional
operating conditions, when connected to the readout electronics. The
proposed method does not require the use of a probe station, making
it suitable for low-cost and easy-to-setup application environments. We
show the measurements done on cylindrical SDDs, but the described
method can be equivalently applied to any topology of SDD. Within our
work we show the decomposition of the SDD total output capacitance as
the sum of contributions from the first (inner) cathode, second cathode
and front-cathode (also referred as entrance window electrode). The
dependency with respect to the applied bias voltage is extracted and
commented as well.

2. Methodology

In this section, the methodology to measure the output (anode)
capacitance in operating conditions is presented. The methodology can
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1 SDDs realized on a n-type bulk are assumed in the following, so that the collecting electrode is an anode and the collected charge are due to electrons. The
following analysis and consideration can be equivalently applied to a p-type SDD collecting holes at its output electrode (cathode).
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Fig. 1. Cross section of a cylindrical semiconductor drift detector. The capacitive coupling between the anode (in green) and the cathodes (in red) are indicated, distinguishing
those through the semiconductor (S) from those through the external space (E), and those associated with the wire-bondings (B and BB). The stray capacitance between the anode

bonding and ground (C,,,,) is also represented.

stray.

be applied to any SDD geometry (linear, cylindrical, hexagonal etc.)
as well as for single or double-sided SDDs [17]. Without any loss of
generality, in our work we will consider a cylindrical structure, as
schematized in Fig. 1; the detector’s anode-side is constituted by a cen-
tral n* implant (collecting anode), a series of p* ring cathodes, which
realize the lateral drift field in the high-resistivity n-doped substrate.
Eventually, an outer n* bulk contact is used to collect charges generated
outside of the SDD active area (not shown in Fig. 1). The front-side
of the SDD consists of a large, single electrode (front-cathode), which
contributes to the semiconductor volume depletion. In operative condi-
tions the bias of p* cathodes is set to fully deplete the detector’s bulk of
mobile charges, and to shape the electric potential in the characteristic
gutter-like surface [18]. Typically, the front-cathode operates as the
main entrance window for the incoming radiation.

As indicated in Fig. 1, the capacitance of the anode C, is generated
by the electrical coupling toward each cathode 1, 2,... N and toward
the front cathode C,_f, that can be assumed to be all at signal ground.
The capacitance of the anode C,_c; toward each j—cathode on the
anode-side of the detector is the sum of:

+ the capacitance between the anode and j—cathode electrodes
Ca_cj(s)> due to the coupling through the semiconductor.

« the capacitance between the anode and j—cathode electrodes
Ca_cj(k)> due to the coupling through the space (air or vacuum)
external the detector.

« the capacitance between the anode bonding and the j—cathode
electrode C,_cj(p)-

« the capacitance between the anode bonding and, if present, the
j—cathode bonding C,_c(gp)-

Summarizing, the anode capacitance is given by:
c
Cy= Z(CA—C/(S) + Cu_cje) + Ca-cjr) + Ca-cjB) + Ca—cF @
j=1

The measurement of C, implies the experimental determination of
all the capacitances in Eq. (1). It is worthwhile to consider that the
wire bonding used to connect the anode to the preamplifier input, as
any conductor connected to the preamplifier input itself (e.g. feedback
network), constitutes a unique conductor together with the physical
anode of the detector. Consequently, all the capacitances between the
preamplifier input - including the wire bonding to the anode - and
other AC-grounded electrodes belonging or not to the detector must
be considered as components of the total stray capacitance Cy,,,, in
parallel to C,.

To measure the anode-capacitance due to the x—electrode C,_c,,
the detector is biased in operating condition, in order to fully deplete
the detector volume and create the drift field towards the anode. The
anode is connected to the charge sensitive amplifier (CSA), and the

Ca-ci(es)
G
—
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Fig. 2. Schematic circuit for the measurement of the total C,_., capacitance, using a
precision pulser ¥; and an AC-coupling network RzCy. All the capacitance contributions
(Cu—cicsy» Ca-ciry Ca-cimy Ca-cipp)) are measured at the same time. Similarly, the
capacitance between the anode and any other electrode can be measured, applying the
precision pulser through the AC-coupling network at the electrode of interest.

CSA output is sent to a shaper and a multi-channel analyzer (MCA), as
typically done for a spectroscopic acquisition system. A precision pulser
(V;) is AC-coupled to the x—electrode under consideration, using a Cp
capacitance in series with the pulser, and a Ry resistance in series with
the V., bias generator of the x—electrode itself. As an example, Fig. 2
schematically shows the principle of the measurement for the C,_;
capacitance, associated with the first cathode (x = 1).

The precision pulser is used to generate a series of fast voltage
steps of known amplitude AV,; across the capacitance C4_c,.” A charge
signal Q;,; = C4_c, - 4V;,; is thus injected at the CSA input, producing
a pulser line in the MCA spectrum. At the same time, the SDD is
irradiated with a known radioactive source (e.g. >°Fe or ! Am) from
the entrance-window, and the spectrum of the radioactive source is
acquired as well. Knowing the mean electron-hole pair generation
energy of the semiconductor ¢, and assuming a linear operation of
the system, the radioactive calibration source and the injected charge
signals will generate a series of spectral lines at channel number ch; of
the MCA, according to the relationship:

ch;=a-0;+b (2)

where Q; is the charge injected at the CSA input, and a and b are
constant values (gain and offset) characteristic of the readout system.

2 These fast voltage steps, passing unaltered through Cj, should be suf-
ficiently small, so as not to modify the bias operating condition of the
x—electrode.
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Fig. 3. In (a), an example of an acquired calibrated spectrum for the C,_., capacitance measurement using a 370 kBq 2! Am source, placed at 1 cm from the detector. The pulser
operates at 500 pulse per seconds generating the line at ~65 keV. In (b) the linear fit of the centroids of the 24! Am lines and of the pulser is used to compute the capacitance

under measurement.
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Fig. 4. In (a), an example of an acquired calibration spectrum with the >°Fe source, and the several calibration pulses (5 at lower energies and 1 at a higher energy). In (b) the
centroids of the pulser and Mn-K lines are used to derive with high accuracy the C,_., capacitance.

As known, the acquisition of a spectrum from a radioactive source
having at least two monoenergetic lines allows to determine « and b.
Thus, the so-called “calibrated” energy spectrum can be reconstructed,
as shown in Fig. 3(a) for the C,,_.; measurement using a 24! Am source.
Measuring the calibrated energy centroids E,,; of the pulser line, we
can draw the calibration plot (Fig. 3(b)), according to the following
equation:

E,;j=¢€-0;=¢€-Cy_cy- AV, 3

Finally, the desired value of the capacitance C,_., can extracted
by least square linear fit. For extremely small capacitance values, the
injection of multiple peaks allows a more accurate measurement, as
shown in Fig. 4 for the front-cathode measurement C,_.r, where the
presence of an eventual offset term can be corrected as well. In this
case, a sufficiently uniform distribution of residuals over the fitted
points allows to assess the validity of the linearity assumption, as shown
on the right-Y axis of Fig. 4(b). It can be observed as capacitance values
as low as a few femtofarads can be measured with a precision of tens
of attofarads.

3. Anode capacitance measurement in operating conditions

In this section, the anode capacitance measurement results obtained
for four different SDDs are presented. The SDD samples are taken
from two different manufacturer (Fab-1 and Fab-2 in the following).
All SDDs are cylindrical but characterized by different geometries
and manufacturing processes. In all the measurements, for the charge
readout, the SIRIO CSA has been used [19,20], connecting the anode
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Fig. 5. Measurement of the component C,_., of the anode capacitance as function of
the bias voltage at the first cathode V., for three different SDDs with an integrated
resistive divider.

with a 25 pm aluminum wire bonding. The Rz and Cjp values are
chosen to obtain a time constant sufficiently longer than the peaking
time of the shaper. In our setup, a shaping time of 1 ps was used, and
RpCjy is several hundreds of microseconds. For three SDDs, in Fig. 5
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Fig. 6. Experimental data acquired on SDD4 with an additional bonding pad to independently bias the second cathode. In (a) the measurement results of the component C,_,
of the anode capacitance with respect to the first cathode as a function of the bias of the first cathode itself, and with the bias voltage of the second cathode as parameter. In (b)
the C,_., values are represented as function of the bias voltage at the second cathode V., with the first cathode bias V., as parameter.

the anode contribution measured by pulsing from the first (innermost)
cathode are presented, with respect to the DC voltage bias applied on
the first cathode itself. It should be also noted that, if the bias voltage
of the drift cathodes is provided using an integrated resistive divider,
as done in our case and in most SDD productions [21], the voltage step
applied to the first cathode can propagate to all the other cathodes
C; through a distributed RC line. The cathodes nearest to the anode
can so contribute, according to the voltage partition determined by the
integrated resistive divider, to the total charge injected into the anode
itself through their capacitances C,_c;. If the signal processing time
is chosen larger than the expected risetime of the voltage step at the
closest C; due to the RC line, the measured C, value will include the
contributions from C,_c;, as well.

Experimental results reported in Fig. 5 show that the anode capaci-
tance toward the nearest cathode ranges from 57.4 fF to 74 {fF on SDD1,
from 37.9 fF to 39.8 fF for the SDD2 and from 25.9 to 40.7 fF for
SDD3, depending on the bias condition. As shown, a higher (i.e. more
negative) bias voltage results in a lower anode capacitance toward
the first cathode, in accordance with the expected increase of the
depletion width around the anode superficial region. A measurement
of the C,_cr capacitance between the anode and the front-electrode of
SDD3 shows an additional contribution of 2.4 fF as shown in Fig. 4(b).
The measured value is close to the expected one determined by an
anode contact area of 7x10> pm? at a distance of 300 pym from the front
electrode. Since different SDDs have similar anode areas and tipical
thicknesses between 300 pm and 500 ym, a C,_o capacitance lower
than a few fF is expected for all the SDDs, not strongly affecting the
final C, value.

Taking into consideration an additional sample SDD4 we also had
the possibility to separately set the bias voltage at the second cathode.
This allows to separately measure C,_; and C,_c,, observing the
effect of the bias voltages applied to the two cathodes nearest to the
anode. In addition, since the resistive divider is not present between
the cathodes C1 and C2, the C,_; measurement is not affected by the
contributions of all the other cathodes.

Fig. 6(a) shows the results of the measurement of the capacitance
C4_c; between the anode and the cathode 1 as a function of the voltage
applied to cathode 1 and with cathode 2 bias as parameter. It can
be observed that the anode capacitance toward the nearest cathode
ranges 39.0 fF to 20.7 fF. Moreover, the variation of C,_, with respect
to V¢, is quite significant because a factor of two of reduction of
C,_c has been measured for V; changing from 0 V to —10 V. Again,
this variation can be related to the reduction of the volume and the
surface of the undepleted region surrounding the n+ anode itself, so

reducing the effective anode area. This dependency clearly indicates a
sub-optimal bias for values of ¥V, higher than 6 V in absolute value. In
addition, a dependence of C,_; with respect to the voltage applied to
the second cathode V., is also observed. This effect can be explained
by assuming that the surface and the volume around the anode is
only partially depleted and that the C, bias can affect their depletion.
This justifies why the maximum effect is seen for V; = 0 V giving
a variation of 16% of C,_c, for V-, ranging from —4 V to —12 V. At
higher V., the variations are much smaller in absolute value, less than
10%, but also of opposite sign: C,_c, increases with the decreasing of
V¢,. While the decreasing of C,_.; with V., can be expected due to a
deeper depletion close to the anode, the opposite behavior is not clear.
Anyhow, it has been observed that the measured variations of C,_¢
are less than 2 fF for V., < —6V.

Similarly, Fig. 6(b) shows the results of the measurement of the
capacitance C,_, between the anode and the cathode 2 as a func-
tion of the voltage applied to cathode 2 and with cathode 1 bias
as parameter. This capacitance ranges between 4.5 fF and 6.5 fF for
all the measuring range, as can be observed. Although the absolute
value of this capacitance is rather small with respect to C,_c;, its
dependence on both V., and V., is relatively significant. it can be
observed that C,_., remains practically constant for equal potential
differences V., — V., between the cathode and decreases as V| — Vs
increases. Since the increasing of V| -V, determines a wider depletion
of the surface between the two cathodes, it can be argued that the
residual conductive surface layer between the cathode contributes to
the capacitive coupling between the cathode 2 and the anode.

It can be observed that the C,_.; between the anode and the first
cathode ring is the dominant component of the anode capacitance, as
expected, although the contribution of the second cathode cannot be
completely neglected in some cases.

4. Conclusions

The output capacitance of a radiation detector is one of the most
important parameters in the design of the radiation detection sys-
tems [22]. The front-end electronics optimization strongly relies on
an accurate estimation of the detector, interconnection and stray ca-
pacitances at the preamplifier input. In this work we presented a
high-precision measurement methodology for the anode capacitance
of Semiconductor Drift Detectors in operative conditions, connected to
a standard signal acquisition system constituted by a charge sensitive
amplifier, a shaper and a multi-channel analyzer. Experimental results
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have been reported on four different SDDs, characterized by differ-
ent geometries and manufacturing processes, showing a total output
capacitance between 20 fF and 75 fF, emphasizing in some cases a sig-
nificant dependency on the bias conditions. The method demonstrated
to be able to measure capacitance of a few fF, as the anode-window
capacitance, with precision of few tens of attofarads.
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