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An X-ray pulsar is a remnant of massive star evolution, collapse, and supernova
explosions. It has an extremely stable spin cycle and is known as the most accurate
astronomical clock in the natural world. It presents high-precision navigational information,
such as the location, speed, time, and attitude, which are used in deep space exploration
and interstellar flight, such as the X-ray pulsar navigation (XPNAV). However, the energy of
the X-ray from the pulsar is very low and its signal is very weak; this X-ray is known as the
soft X-ray. In the low and medium energy radiation spectroscopy, the semiconductor
detectors, especially the silicon drift detectors (SDD), achieve the best energy resolution. In
this study, a 314 mm2 and a 600 mm2 double-sided spiral hexagonal silicon drift detector
(DSSH-SDD) single cell for the pulsar soft X-ray detection is analyzed based on ultra-pure
high-resistance silicon. The DSSH-SDD device is fabricated using ultra-pure high-
resistivity silicon substrates patterned with ion-implanted electrodes. This study
proposes a model capable of reaching a large area of 314 mm2 or 600 mm2 single
cell and maintaining an optimal drift electric field. The design, modeling, 3D simulation, and
the fabrication of the model are performed to analyze the physical performance of the
DSSH-SDD. The electrical characteristics of the as-processed SDD chips, including
leakage current, anode capacitance, and the spiral resistor current under the positive
and negative biases are measured, and the energy resolution test is performed at the
Tsinghua University. The energy resolution is an important indicator of the detector and is
often expressed by full width at half maximum (FWHM). The results obtained in this study
can be applied in the future for novel, flexible, large-area, high-resolution ionizing radiation
detection systems capable of providing quantitative and real-time information of the
relative position of spacecraft and pulsars through the pulsar X-ray radiation.
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INTRODUCTION

Pulsars are rotating neutron stars formed owing to the collapse
and the supernova explosion created when the life of a massive
star ends (Burrows, 2000). The mass of neutron stars is larger
than that of the Sun, and they are only approximately 25 km in
diameter; they are primarily composed of neutron-rich matter
near and above nuclear densities. The pulsars rotate at extremely
high speeds, with the observed spin periods ranging from 1.4 ms
to more than 1 s (Hessels et al., 2006). These rotation periods are
very stable and can achieve the precision of atomic clocks. An
array of these distant high-precision clocks is currently being used
in a global effort to detect the gravitational waves from super-
massive black holes at cosmic distances (Ho et al., 2015).

The X-ray pulsar navigation involves the use of an X-ray
detector installed in the spacecraft, which detects the pulsar
radiation of X-ray photons, measures the pulse arrival time,
and extracts the pulsar image information. The autonomous
high-precision orbit of the spacecraft is determined using the
corresponding signal and data processing, and the navigation
parameters such as the time and posture are realized. X-ray
pulsars provide independent external space–time benchmarks
for navigation through constellations, without the overall rotation
problem of the constellation. It primarily requires autonomous
navigation and operational control for an extended period of
time. Furthermore, the X-ray pulsar navigation technology
(XPNAV) is fully applicable in deep space exploration and
interstellar flight missions, as well as surface cruisers for
planets without a dense atmosphere. Therefore, the X-ray
pulsar navigation is a new and effective method to realize
high-precision and seamless autonomous navigation of
spacecraft (Witze, 2018).

The energy of the pulsar (such as the Crab system) X-ray,
known as the soft X-ray, is very low, mostly ranging from
0.1–10 keV (Rho et al, 2003); these X-rays are very difficult to
detect (Chauvin et al., 2017). However, the pulsar X-rays can be
widely applied in various fields. For example, X-ray pulsar
provides a new idea and realization way for autonomous
navigation of navigation satellites (Shuai and Li, 2017). For
deep space exploration and interplanetary missions, X-ray
pulsar navigation has its advantages over the GPS system and
ground-based deep space network (Mitchell and Keith, 2017). It
promotes the development of modern astronomy, space physics,
astrometry, and other disciplines and is conducive to the
integration of disciplines and interdisciplinary research (Liu
et al, 2015). Their detection can help in understanding the
beginning and the development of the stars, as well as the
rules of outer space. Additionally, the detection of the thermal
radiation of a neutron star is extremely important in the analysis
of the neutron star matter, the neutron star structure, and the
polar magnetospheres (Helfand et al., 1980).

Extensive research has been conducted in the detection of
X-rays and other sources of pulsars (Fritz et al., 1969; Kulkarni
et al., 1992; Archibald et al., 2009; Hermsen et al., 2013). For
example, the X-ray flares from the post-merger millisecond
pulsars (Dai et al., 2006), the features in the X-ray spectrum
of an ordinary radio pulsar (Kargaltsev et al., 2012), and the

ultraluminous X-ray sources have been analyzed to determine the
presence of neutron stars (Israel et al., 2017). This study proposes
the development of a physical model for the nonthermal emission
of pulsars. The spectra of the X-ray pulsars are fit across seven
orders of magnitude in energy with only four physical parameters
(Torres, 2018).

Several studies have been conducted on the detection of X-rays,
such as X-ray photo detectors (Büchele et al., 2015) and the detection
of X-ray photons by using solution-processed detectors (Yakunin
et al., 2015). However, the X-rays obtained from the pulsars are
mainly soft X-rays, and it is challenging to separate the pulsar X-rays
from other background X-rays, which requires a detector capable of
good efficiency and high energy resolution. Silicon detectors are
widely used in X-ray and high-energy particle detection owing to
their numerous advantages, such as high energy resolution, the
advanced fabrication and processing technology, and the
integrated electronic readout circuit technology (Kern et al., 2013).
They have been used to detect the existence of particles, such as the
Higgs boson particle at the Large Hadron Collider (Stapnes, 2007;
Della Negra et al., 2012). The collection efficiency is responded to the
transient current and the transient/response time of the electrons and
holes. As we studied before, though the transient/response time of the
SDD is less than 1 ns(Zhang et al., 2020), the charge collection can be
in the level of 103–104 e due to that the transient current is in the level
of a few amperes (Ding et al., 2015). In the application of ALICE and
NA45-CERES of CERN’s LHC and LEP (Guazzoni, 2013), the silicon
drift detector and its array have been worked for a few years, which
verified the stability of the detector. In addition, the SDD system is
usually accompanied by a temperature-controlled package to
enhance its temperature stability. The silicon drift detector (SDD)
is a special type of silicon detector, which is capable of low capacitance
and high-energy resolution (Rehak et al., 1989; Rehak et al., 2010; Li,
2013; Li and Chen, 2016). However, the detectors are generally
focused on a small area unit cell (Zampa et al., 2009). This study
focuses on a large area double-sided spiral hexagonal silicon drift
detector (DSSH-SDD) fabricated with ultra-pure high-resistance
silicon for the pulsar soft X-ray detection. The spiral cathode
electrode is set as an automatic voltage distribution mechanism.
As the spiral p+ cathode is formed by ion implantation, it is a
continuous resistance chain, and the resistance distribution is related
to the spiral gap, width, and ion implanted concentration according
to the calculations and the proposed design.

The effective parallel noise ENCpar and the effective serial
noise ENCseries can be calculated by using the following equations:

ENC2
par� qIleak ∫∞

−∞
h(t)2dt£qIleaktpeak ,

ENC2
series�

1
2
e2nC

2
t ∫∞
−∞

[h′(t)]2dt£e2nC2
t /tpeak ,

where Ileak is the leakage current of the detector, Ct is the input
capacitance of the detector, and tpeak is the peak response time of
the output signal (Rehak et al., 1989). From Eq. 1, ENCseries is
observed to be proportional to the square of the input
capacitance. Therefore, it is important to decrease the input
capacitance while limiting the noise in the detector and
improving the energy resolution. Additionally, the silicon drift
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detector is superior when compared to the traditional detector
due to its extremely small input capacitance, which is
independent of the effective sensitive area of the detector.

The SDD is currently applied in high-resolution, high-count
rate pulsar X-ray spectroscopy analysis and is determined to be
one of the best detectors for pulsar X-ray detection. The modern
SDDs are based on a unique design that enables them to achieve
much higher performance than the lithium drift detectors or the
other types of silicon detectors. Specifically, they are far less
susceptible to electronic noise, which can be especially observed
for larger detector areas and low X-ray energies.

However, the intensity or light flux of the pulsar X-rays is
extremely low, requiring one or two square meters of SDD to
detect the signals as navigation information in outer space. The
resolution-based formation method of silicon drift detectors
presented in previous studies is unsuitable for the formation
of a detector array in the size of the square meter level required for
XPNAV owing to their small single cell size (<100 mm2), high
cost, and extremely large dead area. The size of a single SDD cell
must therefore be significantly increased. In this study, a double-
sided spiral hexagonal SDD is fabricated with a single cell size
over 3 cm2, which will be increased to a square meter size array in
the future for the XPNAV. Specifically, the spiral SDD does not
require a voltage divider because it can be used as an automatic
voltage distribution mechanism, which avoids many design and
process complexities.

In Su et al. (2020), the author has summarized various
parameters of the silicon material and other materials of X-ray
direct detectors. In this work, some parameters of SDD and
perovskites X-ray direct detectors have been listed in Table 1.

DESIGN, MODELING, AND SIMULATIONOF
THE 314 MM2 HEXAGONAL
DOUBLE-SIDED SPIRAL SILICON DRIFT
DETECTOR

An ultra-pure high-resistance silicon substrate (≥6,000Ω-cm,
lifetime ≥1 ms, and n-type doping of 1 × 1012 cm3

phosphorus) is used in the proposed design of a 314 mm2

double-sided spiral hexagonal silicon drift detector for the

pulsar soft X-ray detection. As shown in Figure 1 (in this
figure, we have simplified the graph of the device so that it
can be seen more clearly), the device has two kinds of electrodes:
anode (n+) and cathode (p+). The anode electrode is a small area,
which is subjected to n-type doping of 1×1019/cm3 phosphorus.
The side including the anode electrode is defined as the front side
and the collecting plane, and the other side is defined as the back
side and the incident plane. The front and the back sides are
covered in a spiral shape by the cathode electrodes (p-type doping
of 1×1019/cm3 boron) cover. The designed SDD cell is therefore
called the double-sided spiral hexagonal silicon drift detector
(DSSH-SDD) cell. The spiral cathode rings are the drift rings.
When the bias voltages are applied on the anode electrode and on
the different rings of the cathode electrode, a drift channel is
formed in the inner depleted region of the SDD to transport the
electrons, which are generated by the illumination of the X-rays,
to the back side of the SDD, that is, to the anode electrode,
forming a current signal. This signal is amplified and treated by a
readout electronic chip, such as an ASIC, to produce an SDD
charge signal. This section explains the design and the modeling
of a spiral SDD.

To ensure the shortest drift time and drift channel, the drift
channel must be maintained as a straight line in the body of the
detector substrate. There is no θ dependence on the negative
electric potential, owing to the cylindrical symmetry, which is
given by the following:

zϕ(r, θ, z)
zθ

� 0. (2)

In an SDD, the width of the cathode electrode ring is denoted by
W(r), and the distance from the anode electrode center to the
cathode rings, that is, the radius, is denoted by r. For a large-area
SDD, the size in the r direction is much larger than that in the z
direction, which results in the following approximation for the
negative electric potential:

zϕ(r, θ, z)
zr

≪
zϕ(r, θ, z)

zz
, (3)

where z is the axis along the detector thickness, r is the coordinate
along the radius of the detector, and θ is the angular coordinate.
Φ(r) and Ψ(r) are the surface potentials of the front (z � 0) and

TABLE 1 | Performances and parameters of Si and a perovskite X-ray direct detector. W± is the generation of carriers (EHP) creation energy. The central parameter is the
product of carrier mobility andmean carrier lifetime (μτ), which is normally called the range of the carrier. The F parameter is the largest electric field. In the “status” column,
A is amorphous, S is single-crystal, and P is polycrystalline.

Material/Detector type Linear absorption coefficient
to 50 KeV (cm−1)

W± (eV) μeτe μhτh F (V/cm) Detectable dose rate
(nGyair/s)

Status (A, P or S)

Si (SDD) 1.022 3.62 >1 ∼1 ∼103 <8,300 S
CZT 60.63 ∼4.6 10–3∼10–2 10–5 0.1–1 50 S
a-Se 3.864 45 <10–5 ∼10–5 >104 -- A
MAPbBr3 19.41 6.03 ∼10–2 -- 0.5 500 S
MAPbBr3 (Si) 19.41 6.03 ∼10–4 -- ∼35 <100 S
MAPbBr3 (PIN) 19.41 6.03 -- -- 150 -- S
CsPbI3 (1D) 57.06 ∼6.8 ∼10–3 -- 41.7 219 S
MAPBI3 (Wafer) 40.61 ∼4.4 ∼10–4 -- 5,700 ∼103 P
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the back (z � d, where d is the detector thickness) side,
respectively, which are given by the following:

Φ(r) � ϕ(r, z � 0) and Ψ(r) � ϕ(r, z � d), (4)

where Φ(r) and Ψ(r) are the boundary conditions of the SDD,
whose forms are determined by the calculus of the variation
method to produce the best drift electrical field in the SDD (Li
and Chen, 2016). In the design of the 314 mm2 hexagonal double-
sided spiral silicon drift detector for the XPNAV, potential
distribution of the back side is considered to be proportional
to that of the front side as follows:

Ψ(r) � VB + cΦ(r)(0 ≤ c< 1). (5)

Furthermore, the results of the calculus of variation produce the best
electric field along the drift path as a constant drift electric field, Edr,r.

In this study, the following relationship between the SDD
cathode spiral ring widthW(r) and pitch p(r) on the front surface
is considered as follows:

W(r) � βp(r), (6)

where β is a proportionality constant. To generate the design of a
spiral SDD, as shown in Figure 1A, the relationship between p(r)
and radius, r, is determined through calculation as follows:

p(r) � p1

��
r
r1

4

√
, (7)

where p1 is the pitch of the first ring and r1 is the radius of the first
ring. Here,

p(r) �
�����
ρsIdr
βE(r)

√
. (8)

The first spiral pitch can be determined by the SDD geometry and
by the boundary conditions as follows:

p1 �

��������������
2ρsIα(R3

2 − r
3
2
1)r121

3β(Vout − VE1)

√√
, (9)

where ρs is the square resistance of the spiral-shaped cathode ion-
implanted layer, I is the total current of the spiral-shaped cathode,
and α is a parameter dependent on the geometric shape of the
spiral cathode, which gives a ring circumference, α·r. The
hexagonal shape of the spiral SDD is the most suitable
because it is the shape closest to a circle but can form a
compact SDD array. For a regular hexagon, α � 6. R in Eq. 9
is the radius of the SDD (radius of the last ring), and r1 is the
radius of the first ring. Furthermore, VE1 andVout are the absolute
values of the bias voltages on the first and the last rings of the
spirals of the SDD (front side), respectively.

The front surface potential of the spiral SDD can be
determined by the following equation:

ϕ(r) � Vout − VE1

R
3
2 − r

3
2
1

r
3
2 + R

3
2VE1 − r

3
2
1Vout

R
3
2 − r

3
2
1

. (10)

The electric field along the front surface of the detector is as
follows:

E(r) � E1

��
r
r1

√
� 3
2
(Vout − VE1) �

r
√

R
3
2 − r

3
2
1

. (11)

The average drift electric field inside the detector is as follows:

Edr(r) � 1
2
Vout − VE1

R − r1
[(1 + c) + (1 − c) VB

Vfd
] − 1

4
(1 − c)2

Vfd(R − r1) (V2
out − V2

E1),
(12)

where Vfd � qNDd
2/2ε0ε is the fully depleted voltage of the SDD.

In this instance, the spiral cathode on the front surface of the SDD
can be determined as follows:

r � r1[1 + 3
8π

p1
r1
(θ − θ1)]4

3

. (13)

Here, θ is the angle of the continuous increase in the spiral
rotation. The 3D schematic of the 314 mm2 DSSH-SDD can be
obtained through calculation and parameter design, as shown in
Figure 2 (in this figure, the design details are clearly shown,
including the size of the hexagonal cell and the electrodes). The

FIGURE 1 | Schematic of the 314 mm2 DSSH-SDD. (A) The figure with all the parameters; (B) the front side and (C) the back side of the hexagonal double-sided
spiral SDD; and (D) cut planes of the structure.
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hexagonal design is advantageous as it fits the array and presents
an excellent electric field distribution in the unit cell.

The current of the spiral cathode is determined by the largest
bias voltage and resistance of the spiral cathode. The drift
electric field is generally between 100 and 500 V/cm. The
total resistance of the spiral cathode depends on its total
length, width, ion concentration dose, and depth. For a spiral
cathode current of 50 mA, the total power consumed by the
spiral is less than 25 mW and the total power consumption is
reduced for a smaller current. However, the function of the
spiral cathode as a voltage divider is diminished. Therefore, the
power consumption and the voltage divider function of the
spiral cathode must be balanced to achieve an optimum design.
Consequently, an SDD with a radius of R � 1 cm is designed in
this study, as shown in Figure 2. The current of the spiral
cathode is 20 mA, Vout � 250 V, and VB � Vfd � 72 V.

The spiral pattern of the back side can be matched with that of
the front side with the definition of the backside surface potential,
as given in Eq. 5. The front side cathode electrode has 41 rings
and the backside spiral cathode electrode has 26 rings. The
electric potential and electric field profiles of the SDD are
plotted, as shown in Figure 3. The simulations are carried out
by Silvaco and Sentaurus TACD software. From Figures 3A,B, it
can be observed that the potentials of the back and the front sides
are not constant and exhibit gradient variations. Additionally, the
electric field along the drift channel is observed to be nearly
constant, and the value is approximately 180 V/cm. In practical

applications, only an approximate electric field value in the drift
channel is sufficient, which is close to a constant value. The
electron drift time in the drift channel is determined to be
proportional to the radius of the SDD through calculations,
and the maximum drift time is in the order of microns.

As shown in Figure 3A,B the smallest bias voltage is set near
the front side anode electrode, and the largest bias voltage is set in
the outer ring of the front side spiral cathode electrode. This
results in the formation of a “potential net” due to the potential
gradient. The electrons are accumulated by the anode after they
are transported through the potential net to the lowest potential
point. The 3D distribution of the total electric field can be
obtained by differentiating the electric potential. The
calculation and the presentation of the 3D electric field profile
in an SDD is the novelty of this study. As shown in Figures 3B,D,
the drift channels are more clearly visible in the mapping of the
electric field distributions, and they directly point to the collecting
anode. A uniform electric field (close to a constant, as indicated
by the same color in the mapping) is clearly observed in the drift
channel, which is obtained because of the proposed design.
However, the incorrect application of bias voltages results can
have adverse consequences. When the voltage applied to the last
ring of the front cathode electrode is too high, the drift channel is
extended out of the SDD. When the voltage applied to the first
ring of the backside cathode is too high, the drift channel does not
point to the front anode. If the voltages applied to the last ring of
the front cathode and to the first ring of the backside cathode are

FIGURE 2 | Design details of the 314 mm2 DSSH-SDD. (A) The detail and the sizes of the front side; (B) the detail and the sizes of the back side; (C) the sizes of the
front anode electrode and the front first cathode electrode; and (D) the last ring of the front cathode and the cathode guard rings.
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both too high, it results in a drift channel outside the SDD body
and does not point towards the collection anode. In these cases,
either the SDD leakage current is high (reach-through effect) or
the signal is not collected by the collection anode, or both.

Fabrication of the Hexagonal Double-Sided
Spiral Silicon Drift Detector
Figure 4A shows the top view of the front-side design of a
314 mm2 DSSH-SDD. The collection electrode, or the anode, has
a very small area, providing minimal input capacitance, which
ensures a minimal amount of noise and, therefore, high energy
resolution. The detector has a radius of 1 cm, the effective sensitive
area is 314 mm2, and the radius of the first ring is 200 mm. The
hexagonal SDD can then be designed with a 41 turn spiral on the
front side and a 26 turn spiral on the backside. The bias voltage is
10 V in the first ring and 250 V in the last ring of the front side
spiral. The average electric field in the drift channel is 173 V/cm.

Figure 4B shows the partially enlarged details of the mask
alignment marks. Considering the vertical direction as an
example, the left scale spacing is 4.5 mm, and the right scale
spacing is 5 mm. If there are no errors in the operation, the
long scale mark (in the center) on the left coincides exactly
with that on the right. Any errors during the operation can be
estimated by the deviation of the corresponding scale.

Practically, the maximum error made by a human operator
is approximately half of the misalignment produced by the first
short scale mark (0.25 mm), which is the accuracy of the mask
alignment.

The fabrication process is unique and complex owing to the
novelty of the proposed large-area DSSH-SDD, which requires a
novel processing procedure. This includes special defeat gettering
oxidation, special double-sided photo lithography and etching,
double-sided ion implantations with specific protection
considerations, metallization, annealing, and surface
passivation. Each step requires rigorous inspections and has
strict requirements for uniformity to maintain the minimum
number of defects in each process. All these procedures ensure
excellent electrical properties of the SDD unit. The SDD
fabrication has been performed in our Class-100 cleanroom at
the Hunan Zhengxin Micro Detector Limited Company at a
constant temperature (24°C) and constant humidity (40%).
Figure 4C shows the photographic images of the as-processed
Si wafer (front side and backside) with SDDs. Figure 4D shows
the 314 mm2 DSSH-SDD unit cell, and the Al point on the front
side can be clearly observed. The SDDwill respond to visible light.
So it is usually using a thin Al layer or other metal layer to block
visible light. The radiation will increase the noise floor, and large
enough radiation will affect the resolution of the signal due to
large leakage current.

FIGURE 3 | 3D simulations of electric potential distribution and electric field distribution of DSSH-SDD. (A) and (C) are the 3D electric potentials of the silicon drift
detector at different viewing angles; (B) and (D) are the 3D electric field distributions of the SDD, and the drift channel is within the SDD body, pointing towards the anode
electrode.
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Figure 5 shows a simplified process flow chart in which
different colors represent different materials. The actual
processing is too complicated to be illustrated here. In
Figure 5, the oxidation process has been omitted. As observed
in Figure 5A, the double-side photolithography marks can be
formed, which can determine the exact position of the
photolithography and the following process. The alignment
accuracy is less than 0.25 microns owing to our technological
innovation. Subsequently, the photolithography can be formed
on each side for ion implantation based on the double-sided
marks. Figure 5B shows the front side cathode P+ photo
lithography and ion implantation. After the front-side
photolithography and etching are performed, the back side is
covered by a layer of photoresist before the ion implantation
process to protect it from ions and other impurities. Figure 5C
shows the backside cathode P+ photolithography and ion
implantation. In this process, the area of the anode does not
need to be retained. Figure 5D shows the front side cathode N+
photo lithography and ion implantation with the protection of
the back side. Figure 5E shows the process of annealing and
deoxidation. Figure 5F shows the metallization and surface
passivation. A microscopic examination must be conducted
after every etching step. When all the processes are completed,
the chip must be sealed and stored in an environment with

constant temperature and humidity. The guard rings are not
shown in Figure 5.

Current–Voltage (I–V) and
Capacitance–Voltage (C–V) Characteristics
in Room Temperature With Probe Station
The electrical characteristics of the as-processed SDD chips,
including leakage current, anode capacitance, and the spiral
resistor current under the positive and negative biases, are
measured. The measurement equipment used in this study
includes a Keysight Technologies B1505a semiconductor
device analyzer, Carl Zeiss Microscopy GmbH, and an
orthopedic material microscope Axio Lab. The chip is placed
at a CL-6 probe station. Figure 6A shows the leakage current and
the bias voltage (I–V) characteristics of a 314 mm2 SDD at room
temperature. It can be observed from Figure 6A that the leakage
current of the 314 mm2 hexagonal double-sided spiral SDD at
room temperature is less than 5 nA. This indicates that at the
working temperature (assumed as −50°C to −25°C), the leakage
current will be low enough to ensure adequate performance.
Figure 6B shows the capacitance and the bias voltage (C–V)
characteristics. The capacitance is only relevant to the anode
electrode area and is fixed when the SDD anode structure is

FIGURE 4 | (A) shows the front-side design top-view figure of the 314 and 600 mm2 DSSH-SDD; (B) shows the partially enlarged detail of the mask alignment
marks; and (C) is the wafer of the silicon drift detectors. This wafer includes the detector introduced in this article, as well as the 618 mm2 spiral SDD, small-area spiral
SDDs, spiral SDD array, and circular hexagonal SDDs; (D) is the 314 mm2 spiral SDD under normal light.
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designed. In the proposed design, it should be less than 100 fF
according to the designed area of the anode, as shown in the
simulation results (dotted line in Figure 6B). Since the system

noise in the C–V setup used in the study is 600 fF, the capacitance
lower than this value could not be measured. Figure 6C–E show
the spiral resistor current under the positive and negative biases

FIGURE 5 | Simplified process flow chart. (A) Formation of the double-sided photo lithography marks; (B) the front side photo lithography and P+ ion implantation
with protection of the back side; (C) the back side photo lithography and P+ ion implantation; (D) the front side photo lithography and N+ ion implantation with protection
of the back side; (E) annealing and deoxidation; and (F) metallization and surface passivation.

FIGURE 6 | Test results of the 314 mm2 DSSH-SDD. (A) Leakage current and bias voltage (I–V) characteristics; (B) capacitance and bias voltage (C–V)
characteristics; and (C), (D), and (E) the spiral resistor current under positive and negative biases at room temperature with bias voltages of 10 V, 50 V, and 100 V.
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for the 314 mm2 hexagonal double-sided spiral SDD at room
temperature with the bias voltages of 10, 50, and 100 V. It is
nearly linear, and the value is approximately 4 mA at 50 V, which
is equal to the design value.

ENERGY RESOLUTION MEASUREMENT
AT LOW TEMPERATURE WITH
PRE-AMPLIFICATION ELECTRIC CIRCUIT
The energy resolution test was performed at the Tsinghua
University. The hardware includes low noise linear power
supply: power supply unit of front amplifier circuit, Guwei
60,300 dc power supply, load regulation rate <10 mV, ripple
and noise <2 mVrms, voltage accuracy 5 ± 0.25 V; oscilloscope:
fluorescence oscilloscope Tektronix DPO4034B, four channels,
bandwidth 350 MHz, sampling rate 2.5 gs/s; and high voltage,
main amplifier plug-in and NIM case: Canberra 3106D, ±6000 V
bias range, 300 uA power supply current, noise and ripple peak
<3 mV; Canberra 2026 is used for the main amplifier module.
The forming time is adjustable from 0.5–to 12 us, and Gaussian
and trapezoidal forming are available, with stacking correction
and live time correction. The NIM case is a Wiener UEP 15,5 slot,
power 150W, ±6 V, ±12 V, ± 24 V power supply; multi-channel,
energy spectrum acquisition instrument: ortec-easy MCA, 8 K
channel, high-speed conversion time (<2 us) provides a dead time
correction logic input port. The test software used was
MAESTRO. MAESTRO is ORTEC’s basic spectrum
acquisition software that recognizes and processes all forms
and models of the MCA signals of ORTE. The dose of the

FIGURE 7 | (A) DSSH-SDD and electronics integrated assembly and (B) schematic diagram of the preamplifier circuit after wiring.

FIGURE 8 | Noise analysis of the preamplifier circuit.

FIGURE 9 | Noise capacitance slope of a preamplifier circuit.
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X-ray used for the radiation test is very small, in the order of
10 grads. As for SDD, it is radiation soft and cannot take more
than 100 grads.

This test mainly involves measuring the leakage current and
the energy resolution of the 314 mm2 spiral SDD integrated
readout electronics at low temperatures. The energy resolution,
which represents the detector’s ability to distinguish similar
energy peaks, is an important indicator of the detector and is
often expressed by full width at half maximum (FWHM). The
resolution of the detector corresponds to the energy required to
produce an electron–hole pair, the energy of the incident particle,
etc. It is also affected by the leakage current, junction capacitance,
temperature, electronic noise, bias voltage, and other factors of
the detector material. Under an appropriate bias voltage, the
silicon body area of the detector is completely depleted, and a
uniform electric field is generated, resulting in the formation of
the drift channel. The carrier moves to the collection anode
through the drift electric field, is collected, and then amplified
and read out by the preamplifier circuit.

The SDD chip test procedures are as follows: 1) Integration
and assembly of the SDD and the electronics. The wires
connected the anode to the preamplifier circuit. It was
necessary to wire the anode of the SDD directly to the input
end of the readout electronics to reduce the parasitic parameters
and improve the energy resolution. The entire circuit board was
welded and electrically tested after the wiring process. When the
test was normal, the circuit board, integrated with the SDD
detector and the pre-release electronics, was assembled in the
vacuum chamber. The setup was then vacuumed and placed in
liquid nitrogen. 2) Leakage-current test. The leakage current test
was initiated when the internal temperature of the vacuum device
in a low-temperature environment had been stabilized. The test
instruments used included a high-voltage device and an
oscilloscope. The reset time was inversely proportional to the
leakage current of the detector because the preamplifier
electronics used the reset mode of pulse feedback. The
feedback capacitance was known, and the leakage current of
the SDD detector could be obtained by measuring the reset time.
Therefore, the measurement step involved first using the high-
voltage module on the NIM chassis to set the bias voltage. When
the bias voltage reached the working voltage, the reset time of the
reset sawtooth signal was observed and measured using an

oscilloscope. 3) Energy-resolution test. The energy resolution
was determined after measuring the leakage current of the
detector within the normal range. The radioactive source used
in the tests was Fe55. The SDD bias voltage was first applied to the
normal working voltage through the high-voltage plug-in on the
NIM chassis, the output signal of the front amplifier was
connected to the main amplifier plug-in, and the gain and
forming time of the main amplifier were adjusted. The signal
was then sent to multiple channels for energy spectrum
acquisition after the main amplifier forming.

Figures 7–9 illustrate the details of the energy resolution
measurement process, which has been explained above.
Figure 7 shows the preamplifier electronics. Figure 8A shows
the noise component test results, and Figure 8B shows the noise
capacitance slope of the preamplifier electronics. The test results
demonstrate that the preamplifier performance meets the
detector test index. Figure 9 shows the test result of the SDD
leakage current in the oscilloscope. The high-voltage module is
used to bias the SDD to the working voltage; the reset time is
greater than 1 s, and the feedback capacitance is 200 fF, which
results in the detector leakage current less than 10 pA. Figure 10
shows the energy spectrum of the Fe55 radioactive sources
measured under different bias pressures. The oscilloscope
channel signal is shown in Figure 10A. The main amplifier
gain is set to 500 times. Figure 10B shows the energy
spectrum measured after the bias voltage is adjusted to
−300 V, and the FWHM at 5.9 keV is 150 eV.

CONCLUSION

This study presents the application of a novel large-area SDD in
the detection of direct soft X-rays. The SDDs designed and
fabricated in this study were hexagonal, double-sided, spiral
SDDs, with an area of at least 314 mm2. The Current–Voltage
(I–V) and Capacitance–Voltage (C–V) characteristics in room
temperature with probe station have been presented. The leakage
current of the 314 mm2 hexagonal double-sided spiral SDD at
room temperature is less than 5 nA. The leakage current and the
energy resolution characteristics of the as-fabricated SDD chips
were measured at low temperatures. An FWHM of 150 eV was
obtained for a 5.9 keV X-ray, which ensures good working

FIGURE 10 | (A) an oscilloscope channel signal; (B) SDD energy spectrum with a high voltage of 300 V (absolute value), and the FWHM is 150 eV.
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performance of the DSSH-SDD. These results can be applied in
the future for novel flexible, large-area, high-resolution ionizing
radiation detection systems capable of providing quantitative and
real-time information of the relative position of spacecraft and
pulsars through the pulsar X-ray radiation.
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